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THE IMPERIAL VALLEY, CALIFORNIA, EARTHQUAKE
OF OCTOBER 15, 1979

INTRODUCTION

By CARL E. JOHNSON, CHRISTOPHER ROJAHN, and ROBERT V. SHARP,
U.S. GEOLOGICAL SURVEY

On October 15, 1979, the largest earthquake in
California in the past decade occurred on the Imperial
fault near the United States-Mexican border. The
moment-magnitude (M) 6.5 event, whose epicenter was
located in northern Mexico, damaged structures in and
near the town of El Centro, Calif., was felt from Las
Vegas, Nev., to the Pacific Ocean, and was accompanied
by surface movement on four fault zones. The earth-
quake caused an estimated $21.1 million in damage and
injured 73 people, but no deaths were reported in the
United States. The small number of injuries is indeed
fortunate and is no doubt related to the fact that the
areas of greatest population and number of manmade
structures were not situated in the most strongly
shaken area.

The earthquake and its aftershocks occurred in a re-
gion that has undergone several similar-size earth-
quakes in the recent historical past, including the
well-known M =7.0 earthquake near El Centro on May
18, 1940. Because of the frequent recurrence of
moderately strong earthquakes, this region has been
under intensive study for many years by seismologists,
geologists, and engineers of the U.S. Geological Survey
and other research institutions. Their efforts have in-
cluded the design and installation of numerous types of
seismologic, strong-motion, geodetic, and other earth-
quake-monitoring instruments as well as indepth
studies of various earthquake-related topics. As a con-
sequence of this preparatory work, the 1979 earthquake
has provided the seismologic and geologic sciences and
the field of earthquake engineering with a wealth of
important information, much of it unprecedented.

This volume contains 35 technical papers on the fol-
lowing topics relating to the October 15 earthquake:
seismologic investigations, surface-faulting and other
geologic investigations, damage and shaking-intensity
studies, and strong-motion data and analyses. Depend-

ing on their subject matter, several papers are prelimi-
nary in nature, whereas others reflect indepth studies
of a particular topic or data set.

SEISMOLOGIC INVESTIGATIONS

The 1979 Imperial Valley earthquake occurred in
the midst of a dense array of seismic instruments that
includes short-period vertical and strong-motion seis-
mometers on both sides of the border, and thus pro-
vided a unique opportunity for studying in detail the
changes in seismicity both attending and preceding a
moderately strong earthquake. Because of the loca-
tions of these data, their analysis necessarily took on
an international character. Particularly important was
the hypocentral control for the main shock, provided by
data obtained in Mexico with the seismic array of
the Centro de Investigacién Cientifica y Educacion
Superior de Ensenada, as well as with five strong-
motion instruments installed by the Universidad Na-
cional Auténoma de México and the University of
California, San Diego.

The network of 22 short-period vertical seismome-
ters operated jointly by the U.S. Geological Survey and
the California Institute of Technology in the Imperial
Valley since mid-1973 permitted a detailed analysis of
the changes in seismicity leading up to the October 15
earthquake. Unlike many other areas of California,
seismicity in the Imperial Valley manifests progres-
sive changes in both style and level of activity. For
example, a distinct and obvious decrease in the number
of events was noted during the 3 months immediately
before the main shock. A detailed analysis of such
changes may provide important insight into the physi-
cal processes associated with potentially damaging
earthquakes, as well as concomitantly increase our
predictive capabilities.
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The main-shock data were significantly augmented
by data from a network of three-component wide-dy-
namic-range high-frequency-resolution digital
triggered seismographs installed in the Imperial Val-
ley soon after the main shock. The purpose of this array
was to record large aftershocks and to obtain data that
would aid in understanding physical processes near the
north termination of fault rupture. Several of these
instruments were later redeployed at stations near the
strong-motion sites that recorded the main shock, in
the hope that records of aftershocks would provide in-
formation useful in simulating the main-shock records
and give insight into any effects due to local geologic
features. Owing to the completeness of the events re-
corded and the quality of the data in terms of dynamic
range and high-frequency resolution, these aftershock
records are unprecedented.

By considerable good fortune, a detailed crustal-
refraction study was also conducted in the Imperial
Valley during the year before the 1979 earthquake.
This study, together with the wealth of digital record-
ings and high-precision arrival-time data obtained
from the Imperial Valley seismic network and the
temporarily installed aftershock instruments, will un-
doubtedly prove to be one of the great contributions to
understanding the 1979 event and active tectonic pro-
cesses in the Imperial Valley. Teleseismic studies
should also be greatly facilitated by detailed analysis
of the local data.

SURFACE-FAULTING AND OTHER
GEOLOGIC INVESTIGATIONS

In several respects, documentation of the faulting
associated with the 1979 Imperial Valley earthquake
has yielded important new and, in some cases, unique
perspectives on the surface movement of faults. For
example, careful recording of the traces of surface rup-
ture and the growth of displacement have provided a
much clearer picture of the complexities of the Impe-
rial fault and the Brawley fault zone, and of the
characteristics of postearthquake slip. Although inves-
tigations of earlier historical movements typically
were less comprehensive than those of the 1979 event,
the quality of earlier displacement measurements is
sufficient to permit a comparison of surface movements
for some pre-1979 slip events at several points on the
fault traces. Up to this time, a comparison of the de-
tailed behavior of faults at the ground surface during
successive episodes of major displacement generally
has not been possible for historical earthquakes
elsewhere.

Surface faulting in this event has been observed and
recorded by probably a larger number of different
methods than in any previous earthquake. Creep-

meters installed on the Imperial fault and the Brawley
fault zone produced extraordinary data on coseismic
slip and afterslip separately; one of the creepmeter rec-
ords has yielded the first direct measure of the
minimum rate of surface displacement. Alinement
arrays, geodetic networks, leveling lines, and field
documentation of offset manmade structures were em-
ployed to determine the components of fault displace-
ment; repeated surveys using these methods for several
months after the earthquake provide an unusually
complete record of the afterslip. The results, which
surpass in detail those of other earthquake investiga-
tions, show the irregularity of the approximately
coseismic distribution of fault slip and the generally
smooth but locally erratic growth of displacements dur-
ing the afterslip period. Similar fault displacements
elsewhere in the San Andreas system in California
probably could not have been recorded in so great de-
tail as were the 1979 movements in the Imperial Val-
ley, owing in great part to the abundance of structures
crossing the fault traces and to the preearthquake in-
stallation of monuments and instruments placed
specifically to detect movements.

Ground failures generated by strong shaking of the
earthquake rather than by tectonic faulting were
widely distributed, especially near the main-shock epi-
center. Through careful investigation, a zone of ground
fractures that closely resembled fault ruptures in the
southern Imperial Valley south of the 1979 surface
breakage along the Imperial fault proved to be secon-
dary ground failures along the margins of a buried
stream channel that once drained northward from
Mexico toward the Salton Sea.

In spite of the important new insights from studies of
the geologic effects of this earthquake, some aspects of
the 1979 event have presented unusually intriguing
and as yet unsolved geologic problems. For example,
although ground displacement was detected princi-
pally along the Imperial fault north of the United
States-Mexican border, surface movement was not ob-
served in the vicinity of the main-shock epicenter near
the same fault in Mexico. Restriction of surface fault-
ing to the area northwest of the main-shock epicenter
was not the consequence of deficient searching in
Mexico; a special check using a recent detailed map of
the 1940 trace of the Imperial fault in Mexico failed to
locate new movement anywhere on the fault trace
south of the border.

The important question of why surface rupture ap-
peared only beyond 10 km northwest of the main-shock
epicenter is now the subject of continuing study, but as
of this writing an unambiguous explanation is not
available. A considerable literature undoubtedly will
eventually address and satisfactorily explain the un-
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usual relation of surface displacement to the main
shock.

DAMAGE AND SHAKING-INTENSITY STUDIES

Although the Imperial Valley is not densely devel-
oped, shaking-intensity studies using manmade struc-
tures as primary indicators of the intensity of ground
shaking yielded some interesting, if not controversial,
findings. Results of a regional investigation of the dis-
tribution of intensity, for example, suggest some
significant differences between the pattern of strong
ground shaking during the 1940 and 1979 Imperial
Valley earthquakes. One study, focused on the perfor-
mance of structures very close to the fault trace, and
another concerned with the performance of a specific
class of buildings prevalent throughout the valley,
suggest that the intensity of ground shaking was not so
severe as might have been expected on the basis of
previously obtained data. The second study also shows
a correlation between observed shaking effects and
peak ground accelerations obtained from nearby
strong-motion stations.

One of the primary difficulties in assessing the re-
sults from such shaking-intensity studies is, of course,
that they are biased by the type of regional construc-
tion. Most existing structures in the heavily shaken
area of the Imperial Valley, for example, were low-rise
stiff buildings that respond predominantly to high-fre-
quency ground motion; by contrast, there were few
long-period structures (for example, mid- and high-rise
buildings) that respond predominantly to longer period
ground motions. Although the results from such
studies should not be indiscriminately applied, they
are nevertheless extremely valuable because they
document the shaking effects on particular classes of
structures during particular types and magnitudes of
earthquakes.

With regard to the performance of engineered struc-
tures, the partial collapse of the six-story reinforced-
concrete Imperial County Services Building in El Cen-
tro and the complete collapse of an elevated steel water
tank south of Brawley are particularly noteworthy.
The fact that the 9-year-old Imperial County Services
Building was designed to resist earthquakes and was
damaged so severely that it had to be demolished
makes it an especially important case study for the
structural-engineering community.

STRONG-MOTION DATA AND ANALYSES
The October 15 earthquake generated the most com-

prehensive set of strong-motion-accelerograph data yet
recorded from a damaging earthquake. These data are
unprecedented because they include the first set of
ground-motion records ever obtained close to fault
traces that were activated during a moderately strong
earthquake, as well as the first set of records from an
extensive array in a severely damaged building and
from an extensive array on a highway overpass bridge
less than 1 km from the fault rupture.

Of particular importance to engineering seimology
are the data obtained from the El Centro ground-
motion array, a 13-accelerograph 45-km-long linear
array oriented perpendicular to and crossing the Impe-
rial fault near El Centro; and from the El Centro dif-
ferential array, a six-accelerograph 300-m-long linear
array designed to record differential ground motions
due to horizontally propagating surface waves.
Strong-motion data from the 45-km-long array provide
information on the nature of shaking close to and at
increasing distance from the fault rupture, whereas
those from the differential array are particularly ap-
plicable to the study of earthquake-induced stresses in
such extended structures as bridges, dams, pipelines,
and large mat foundations for nuclear power stations.
These data also include the largest ground accelera-
tions yet recorded anywhere in the world.

From a structural-engineering point of view, the
strong-motion data from the severely damaged six-
story Imperial County Services Building in El Centro
are undoubtedly the most significant obtained from
this earthquake. Data from the building’s 13-channel
accelerograph system, designed specifically for acquir-
ing information that could lead to improvements in
engineering design practice, provide a complete de-
scription of building response before, during, and after
the occurrence of severe structural damage. These data
are exceptional because the time and mechanism of
structural failure can be inferred directly from the re-
corded data. In conjunction with the records from a
nearby free-field station, these data also provide im-
portant information on the extent of soil-structure in-
teraction at the building site.

Overall, the strong-motion data recorded during the
1979 Imperial Valley earthquake and its aftershocks
are expected to be of great value in many seismologic
and earthquake-engineering studies. Such studies will
undoubtedly provide more and better insights into the
nature, causes, and effects of strong ground shaking. As
a result, the world strides forward in the abatement of
earthquake hazards.

’ : ,
j Any use of trade names and trademarks in this publication is for descriptive purposes
} only and does not constitute endorsement by the U.S. Geological Survey. i
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ABSTRACT

The Imperial Valley region lies along the present axis of the Salton
Trough, the northward extension of the linear topographic and struc-
tural depression of the Gulf of California. Active right-lateral faults of
the San Andreas fault system have played dominant roles in the
creation and evolution of the trough and gulf. Marine and nonmarine
sedimentary deposits have accumulated within the trough since its
precursor basin formed during Miocene time. Tectonic activity is
continuing at present at a high rate, as indicated by deformation of
young sedimentary deposits, high levels of seismicity, geomorphic
evidence of recent fault displacements, and historical surface faulting.
Earthquakes closely associated with historical surface faulting have
occurred on the Imperial fault, the Brawley fault zone, and the Coyote
Creek fault. The San Andreas, Imperial, and Superstition Hills faults
have displayed surface rupture triggered by distant major seismic
events on other faults within the trough.

INTRODUCTION

The earthquake of October 15, 1979, was centered
within the Imperial Valley of California, a region of
remarkably vigorous tectonic activity and seismicity.
The Imperial Valley lies astride the present axis of a
great linear structural and topographic depression that
extends nearly 1,400 km through southern California
and Mexico to the south end of the Gulf of California.
The northern part of this linear depression, commonly
referred to as the Salton Trough, is an extension of the

Gulf of California physiographic province that has been
isolated from the gulf by buildup of the deltaic cone of
the Colorado River. The Salton Trough north of the
Colorado delta was transformed into a sub-sea-level
desert basin probably during late Pleistocene time,
when the delta stood sufficiently high to restrict sea-
water from the gulf to the south. During Holocene time
this basin was periodically inundated by floodwaters of
the Colorado River to create former Lake Cahuilla, an
ephemeral freshwater body whose highest level at times
stood slightly above sea level. The latest flooding
created the present-day Salton Sea in 1905 (Menden-
hall, 1909), when the entire flow of the Colorado River
was uncontrollably diverted into an irrigation canal.
In addition to the Imperial Valley and the East and
West Mesas flanking it, the Coachella Valley and the
Salton Sea in California and the Mexicali Valley and
the Colorado River delta area in Mexico are the major
geographic components of the Salton Trough (fig. 1).
The geologic and tectonic framework of the region
around the Imperial Valley was summarized by Dibblee
(1954) and Sharp (1972), and the brief description of the
tectonic setting presented here is derived substantially
from those earlier works. The late Quaternary tectonic
features and their relation to faults activated during the
1979 Imperial Valley earthquake are emphasized here.

REGIONAL TECTONICS
OF THE SALTON TROUGH

The present geographic limits of the Salton Trough
correspond approximately to the boundaries of a late
Cenozoic marine and nonmarine depositional basin that
has been downwarped, downfaulted, extended, and lat-
erally translated between the bordering ranges along
faults of the San Andreas system (fig. 2). The basin
extends southward the length of Baja California and is
filled with as much as 6 km of sedimentary deposits in
the central Imperial Valley (Tarbet, 1951; Biehler and
others, 1964, fig. 6; Fuis and others, this volume); most
of these deposits may have accumulated during
Quaternary time alone. In the axial part of the trough,

5
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sedimentation under intermittently marine and non-
marine conditions may have been essentially continu-
ous since late Miocene time.

In the Imperial Valley the basin is partly underlain
and bounded by Mesozoic and older crystalline rocks,
which on the west side of the trough consist predomi-
nantly of Cretaceous granitic rocks of the southern
California batholith, as well as prebatholithic meta-
sedimentary and metavolcanic rocks. East of the
trough, diverse types of Precambrian crystalline rocks,
as well as Mesozoic granitic rocks and other rocks of
unknown age, are exposed. Basement rocks under the
axial part of the trough beneath the central Imperial
Valley may be more basic in composition, according to
the seismic velocities recorded there (Fuis and others,
this volume).

Active fault zones of the San Andreas system parallel
the northeast margin of the Salton Trough and ob-
liquely transect its southwest flank. Intermittent
right-lateral movement on some members of the fault
system has continued to deform the basin, and vertical
components of offset on many of these faults have out-

West .
Mesa East

,",Imperial"»' Mesa

100 KILOMETERS

0 50
I

FicUure 1.—Index map of Salton Trough and surrounding
areas. Salton Trough lies between crystalline ranges (stip-
pling). Dotted lines denote approximate boundaries of East
and West Mesas of Imperial Valley.

lined dominant physiographic elements within the
trough or bordering it.

Despite its overall northwest-trending linearity, the
Salton Trough is not simply a narrow grabenlike struc-
ture. South of the Santa Rosa Mountains, for example,
where it is relatively broad, the trough is actually a
complexly folded and faulted crustal downwarp. Struc-
tural complexity within the southwest flank of the
trough is reflected physiographically by the projection
of several structurally high basement blocks from
which the late Cenozoic strata have been stripped. Some
of the irregularity of the west margin of the trough also
is due to right-lateral offset on strike-slip fault zones
that enter obliquely from the Peninsular Ranges to the
west. For example, right-lateral translation amounting
to 24 km on the Clark and Coyote Creek faults that
make up the San Jacinto fault zone has created the
jutting projections of the trough margin near the Bor-
rego Valley (Sharp, 1967).

ORIGIN OF THE BASIN AND THE
STRATIGRAPHIC SUCCESSION

From rates of sea-floor spreading at the junction of the
Gulf of California and the East Pacific Rise near the tip
of Baja California, Larson and others (1968) and Moore
and Buffington (1968) estimated the age of the gulf and
the Salton Trough at about 4 m.y. Although the sea-
floor-spreading model suggests an origin during Plio-
cene time, a protogulf extending back into late Miocene
time has also been postulated by these authors. Strati-
graphic relations and a Miocene radiometric age on a
volcanic unit (the Alverson Andesite of Woodard, 1974)
in the western Imperial Valley confirm sedimentation
of at least that age for the sedimentary mantle in the
Salton Trough (Eberly and Stanley, 1978).

Late Cenozoic deposits in the Salton Trough, laid
down under continental, freshwater and brackish-
water lacustrine, and marine conditions, were derived
from both distant and nearby sources. Although the
mountainous areas bordering the trough on opposite
sides contributed a large proportion of the detritus
along the trough’s flanks, much material within the
sedimentary section in the central part of the trough
was derived from the Colorado River drainage (Mer-
riam and Bandy, 1965; Muffler and Doe, 1968). Figure 3
shows in diagrammatic form a composite stratigraphic
column and approximate lateral relations of the stratal
units as named by Tarbet and Holman (1944) and Dib-
blee (1954). Coarse clastic materials, including con-
glomerate, fanglomerate, and landslide deposits, are
generally restricted to areas near the periphery of the
basin and progressively grade into finer grained depos-
its toward the axis of the trough. In the central Impe-
rial Valley, sediment coarser than sand has not been
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recognized in deep drill holes, and so the stratigraphic
section under the central Imperial Valley and the sedi-
mentary deposits exposed in the flanks of the basin
generally cannot be correlated on a lithologic basis
alone (Dibblee, 1954; Muffler and Doe, 1968, p. 388).
Part of the Pliocene and Pleistocene sedimentary sec-
tion in the western Imperial Valley has been placed
tentatively in the absolute time scale by magnetostrati-
graphic correlation with dated rocks from outside the
Salton Trough (Opdyke and others, 1975).

QUATERNARY VOLCANIC ROCKS

Late Quaternary volcanic or volcaniclastic rocks
occur in several localities in the Salton Trough. Rhyo-
litic volcanic domes at the southeast corner of the Salton
Sea protrude through Quaternary deposits in the floor of
the northern Imperial Valley (Kelley and Soske, 1936;
Elders and Robinson, 1970). These domes and the da-
citic Cerro Prieto volcano in the southern Mexicali Val-
ley, Baja California, constitute the only known late
Quaternary volcanism closely associated with the San
Andreas fault system north of the Gulf of California.
The domes consist of rhyolite, obsidian, and pumice that
have been dated at about 16,000 yr B.P. (Muffler and
White, 1969, p. 162).

Rhyolitic tuff beds correlative with the basal part of
the Bishop Tuff have been discovered on both the east
and west sides of the Salton Trough (Merriam and Bisch-
off, 1975; Sarna-Wojcicki and others, 1980). The Bishop

Ele
« -
.g e e Southwest side Northeast side
E (% 3 of trough of trough
Hoto- Alluvium, dune sand, and lake deposits
-7~ -
Ocotillo Brawle Ocotillo
> Conglomerate ﬁV Conglomerate
o (]
c
§ 8 Borrego Borrego
AR Canebrake Formation | Formation
E | 2 | Conglomerate
a| @
2 o
|3
o I Palm Canebrake
3 Spring Spring Conglomerate
2z Formation Formation
I
Of-2-]-2-
Imperial .
3 Imperial
[}
< Formgtlon Formation
E 8 (marine)
=4
,S_ [y Split Mountain Formation
E _7_‘"'3”"9 ish Creel sum
Mgo Split Mountain Formation ial)
- n "
cene JAlverson Ande: |e"es' @ Mecca Formation
— Anza Formation
VNN S N T T N T e TS T
Pre-Cenozoic :/\‘,’—7’\~\/ \‘///\’/\ AV GSTAASS b T \/;’\’\(L\
PN 2N s 0~ Crystalline rocks T/ 25— GRS
Y A ARART Y MR A VA Vi A A AL

F1cURE 3.—Composite Cenozoic stratigraphic column along flanks of
Salton Trough. Wavy lines, unconformable contacts; smooth lines,
conformable contacts; queried lines, contacts not exposed. Nomen-
clature of Tarbet and Holman (1944) and Dibblee (1954), modified
after more recent stratigraphic studies.

Tuff erupted about 500 km north of the Salton Trough in
the eastern Sierra Nevada about 0.7 m.y. B.P., during
the Pleistocene (Dalrymple and others, 1965). The
tuffaceous beds in the Salton Trough and the magneto-
stratigraphically correlated beds described above are
the only stratal units in the upper part of the sedimen-
tary section in the Salton Trough whose ages have been
determined by correlation with radiometrically dated
rocks from outside the basin.

CENOZOIC DEFORMATION IN THE SALTON TROUGH

Late Cenozoic deposits of the Salton Trough are con-
siderably folded and faulted, and this deformation ap-
pears to be continuing at the present time. Faulting is
dominated by three active right-lateral strike-slip
zones, parts of the broad and complex San Andreas fault
system in southern California. Major faults within the
trough, as well as those farther south under the Gulf of
California, define an echelon pattern in which the sepa-
rate strands trend more westerly than the axis of the
depression (Biehler and others, 1964; Rusnak and
others, 1964).

Folding of the Cenozoic deposits is evident through-
out marginal areas of the Salton Trough. The intensity
of deformation by folding is especially pronounced in,
though not restricted to, certain belts bordering or
bounded by active faults traversing the trough. The
pattern of modern sedimentary accumulation and the
incipient formation of anticlinal hills also reflect con-
tinuing diastrophism in the trough, particularly on the
southwest side.

Many stratigraphic features of the Cenozoic deposits
attest to regional crustal instability throughout the his-
tory of the basin. Although there was considerable ini-
tial relief on the basin floor, progressive diastrophism
and erosion have allowed the youngest to oldest deposits
to rest directly on basement. Regional unconformities
also exist, although localized intraformational uncon-
formities are far more common. Absence of lateral con-
tinuity, particularly in the coarser detritus and the
lacustrine beds, is typical all along the margins of the
trough. Widespread instability in the flanking area of
the trough is evident from the marked erosional trunca-
tion of thick sections of Quaternary deposits. The eroded
detritus has been redeposited elsewhere in the axial
part of the basin. Such features suggest that the axial
part of the trough may well have been continuously
subsiding, whereas parts of the flanks have alternately
received sediment and undergone erosion.

CENOZOIC FOLDING

Fault offsets outline the Salton Trough, but major
crustal downwarping not directly attributable to fault-
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ing has also taken place, particularly south of the mid-
dle of the Salton Sea, where the trough widens mar-
kedly. Downwarping in the axial part of the trough is
demonstrated by emergence and erosional truncation of
the late Pleistocene deposits on both flanks of the
trough; this relation is confirmed by data from wells and
by subsurface features under the Imperial Valley ex-
plored with geophysical techniques (Biehler and others,
1964; Fuis and others, this volume).

Late Cenozoic deposits throughout the trough display
numerous intermediate- and small-scale folds, as well
as homoclinal dips over large areas. Generally the older
strata are more deformed than the younger; terrace
gravel and alluvium, for example, show only local signs
of folding. Some of the most pronounced folding, includ-
ing overturning and isoclinal folding, is not restricted
to older strata but occurs in belts adjacent to fault zones.
Other zones of strongly folded strata resembling diapirs
with clay cores appear to degenerate along strike into
faults.

Present-day folding of the land surface is demon-
strated by small hills that reflect anticlinal growth near
at least one active fault zone, and by closed playa basins
scattered throughout the southwest side of the Salton
Trough (Sharp and Clark, 1972). Warped shorelines of
several high stands of former Lake Cahuilla also indi-
cate relatively recent large-scale diastrophic changes
(Stanley, 1963, 1966).

LATE CENOZOIC FAULTING

The principal fault zones in the Imperial Valley re-
gion consists of the San Andreas zone, near the north-
east margin; the Clark and Coyote Creek branches of
the San Jacinto fault zone, which transects the south-
west flank of the Salton Trough; and the Elsinore fault
zone along the southwest edge of the trough (fig. 2). The
Brawley fault zone, including the seismic zone that
marks its northward extension, and the Imperial,
Superstition Hills, and Superstition Mountain faults
are situated on or near the axis of the trough. Although
the relations of these structures to the major faults are
incompletely known, some possibilities are outlined be-
low.

With the exception of the Brawley fault zone, all the
above-named faults display those surficial features
characteristic of the San Andreas system throughout
California: linearity, northwest-southeastward trend,
and physiographic evidence of recent activity. Histori-
cal right-lateral movements on several of these faults
and high levels of seismicity (Johnson and Hill, this
volume) indicate that the Salton Trough area is one of
the most active segments of the San Andreas system.

Larson and others (1968) and Moore and Buffington
(1968) first discussed the significance of the San An-

dreas fault system in terms of a transformation of hori-
zontal spreading movements near the tip of Baja
California into strike-slip movement within the Gulf of
California and the Salton Trough. According to their
transform-faulting model, coastal Califonria and Baja
California are drifting northwestward relative to the
region east of the Salton Trough and the Gulf of Califor-
nia; movement occurs by a combination of right-lateral
slip along northwest-trending faults and horizontal
spreading between fault strands within the trough and
gulf. Seismicity patterns in the Mesquite basin area and
northward (Hill and other, 1975; Weaver and Hill,
1978/79) and in the Colorado River delta region (Lom-
nitz and others, 1970) have been interpreted in terms of
transform faulting combined with spreading.

SAN ANDREAS FAULT ZONE

From about 30 km northwest of Mecca, Calif., the
San Andreas fault zone is relatively straight and con-
tinuous to within about 5 km of Bombay Beach on the
northeast shore of the Salton Sea (fig. 2). Although the
San Andreas fault shows evidence of Holocene activity
on this segment and moved historically in 1968 and
again in 1979, the seismicity of this segment of the San
Andreas fault zone is virtually nil. From the south
terminus of the San Andreas fault trace near Bombay
Beach, no surface evidence for recent faulting on strike
with the fault zone to the southeast is known. Al-
though a linear concealed extension of the San An-
dreas fault may exist under the Salton Sea or in the
northern Imperial Valley, no convincing geologic or
geophysical evidence yet supports such a projection.
Babcock (1971) argued that photolineaments in culti-
vated fields and offset concrete canal liners southeast
of Niland, Calif., represent possible active fault traces,
but comparison of these photolineaments with earlier
aerial photographs show them to be recessional shore-
line features of former Lake Cahuilla. The offsets of
canal liners are not convincing evidence of fault
movement because of structional irregularities and be-
cause buckled and misalined liners are widespread
throughout the Imperial Valley.

Near Bombay Beach, discontinuous faults approxi-
mately parallel the highly active seismic belt extend-
ing northward from the Imperial fault and the Brawley
fault zone (Sharp, 1979; Johnson and Hill, this vol-
ume). The pattern of seismicity beneath and south of
the Salton Sea, crustal-strain measurements (Savage
and others, 1974), and these young faults near Bombay
Beach all suggest but do not prove that a fault zone,
perhaps the San Andreas, bends southward and either
branches into or otherwise becomes part of the Impe-
rial fault and the Brawley fault zone in the south-
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central Imperial Valley. If the zone of major right-
lateral dislocation that defines the San Andreas fault
zone at depth curves southward, the fault traces near
Bombay Beach indicate that this bending begins 3 to 5
km northwest of Bombay Beach.

IMPFRIAL FAULT-BRAWLEY FAULT ZONE

The Imperial fault was first recognized from the dis-
placement of the 1940 Imperial Valley M=7.1 earth-
quake (Buwalda and Richter, 1941; Richter, 1958).
Until the 1979 earthquake, all post-1940 movements
noted in 1966, 1968, 1971, and 1977 were relatively
minor (Brune and Allen, 1967; Allen and others, 1972;
Goulty and others, 1978). Aerial photographs taken be-
fore and after the earthquake of 1940, as well as the
positions of offset cultural features identified in 1975~
77, demonstrate a relatively smooth fault trace except
for multiple complex branches near its north end
(Sharp, 1977a). Downdip components of movement on
the northern section of the Imperial fault define the
west margin of a topographic basin once known as
Mesquite Lake, which in turn is bounded on its east
side by a complex set of fault scarps, now mostly de-
stroyed by agricultural regrading, known as the Braw-
ley fault zone (fig. 2). Although field observations re-
vealed that surface faulting for a few kilometers along
the Brawley fault zone occurred during the 1940 Impe-
rial Valley earthquake (A. E. Sedgwick, unpub. data,
1940), the surface expression of this fault zone was
generally unrecognized until new faulting occurred
during a swarm of small earthquakes in 1975 (Johnson
and Hadley, 1976; Sharp, 1976, 1977b). A comprehen-
sive study of recent seismicity linking the Imperial fault
and the Brawley fault zone by Johnson and Hill (this
volume) defines subsurface-faulting patterns that are
consistent with the transform-faulting and crustal-
spreading model.

The traces of the Imperial fault and the Brawley
fault zone cut Holocene alluvium and deposits of Lake
Cahuilla (van de Camp, 1973), and so no data from the
surface other than heights of scarps yet reveal much of
the past history of movement. Displacement meas-
urements on near-surface strata exposed in trenches
cut into the Imperial fault near the United States-Mex-
ican border demonstrate that if the Imperial fault had
been active during one or both of two M > 6 earth-
quakes in 1915, surface displacement could have oc-
curred only to the north or south of, but not at, the
border (Sharp, 1980).

The surface faulting associated with the 1979 earth-
quake in the Imperial Valley confirmed the overall
characteristics and revealed many new details of the
traces of the Imperial fault and the Brawley fault zone.

Surface faulting of 1979 and its comparison with ear-
lier displacements are described more fully in other
chapters of this volume.

SAN JACINTO FAULT ZONE

The two main branches of the San Jacinto fault zone,
the Clark and Coyote Creek faults, enter the Salton
Trough from the northwest at about the latitude of the
Salton Sea and cut diagonally into the basin (fig. 2).
Displacement across the San Jacinto fault zone in the
Peninsular Ranges northwest of the Salton Trough is
principally right lateral and has totaled about 24 km
since movement began, probably during Pliocene time
(Sharp, 1967).

Vertical components of displacement on various
breaks along the Coyote Creek fault have created sev-
eral topographically high welts, some of which show
vertical separations of probably more than 1,000 m.
Crystalline rocks and sedimentary deposits caught be-
tween separate strands of the Coyote Creek fault near
Borrego Mountain have been squeezed up within the
complex zone of faulting (Sharp and Clark, 1972).

Recent mapping of the Clark fault demonstrates that
it is not traceable as a late Pleistocene or Holocene
break as far east as the 116th meridian (Sharp, 1980).
The dominant presently active strand of the San
Jacinto fault zone at the latitude of the Vallecito
Mountains and southeastward is the Coyote Creek
fault (Sharp, 1975), which ruptured at the surface in
1968 at the time of the Borrego Mountain, Calif.,
M = 6.7 earthquake (Clark, 1972) and has continued to
creep until the present along the southern part of the
1968 surface break (Burford, 1972; Clark, 1972; Harsh,
1982). Although the 1968 Borrego Mountain earth-
quake triggered visible surface displacement on the
Imperial fault, the 1979 Imperial Valley earthquake,
which was centered on the Imperial fault, apparently
did not cause movement on the Clark fault.

Because the trace of the Coyote Creek fault is poorly
delineated by physiographic and geologic features be-
tween the Fish Creek Mountains and Superstition
Mountain, the 1968 surface rupture on the Coyote
Creek fault represents the limit of present knowledge
regarding its southeastward extent. A detailed gravity
survey in the area west of Superstition Mountain con-
firms a possible continuity between the Coyote Creek
fault and the Superstition Mountain fault to the south-
east, but a concealed northeast-trending fault con-
verges in the area of possible connection (Plouff, 1976,
fig. 3). This concealed fault and other physiographi-
cally traceable faults of similar trend crossing the al-
luvial flat to the south indicate that the Coyote Creek
fault does not connect in any simple manner with the
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1969 surface fractures that broke across County High-
way S-80, 4 km east of Plaster City, Calif.—a possibil-
ity mentioned by Sharp and Clark (1972). The remain-
ing and most obvious structure that might represent a
southeastward continuation of the Coyote Creek fault
is the Superstition Mountain fault. Alined dunes cover-
ing mesquite trees southeast of the 1968 surface rup-
ture and low hills of upwarped alluvium, all on the
projection of the Coyote Creek fault, are collinear with
the fault along the southwest side of Superstition
Mountain (Sharp and Clark, 1972). Holocene scarps
and other geomorphic features of Quaternary dis-
placement occur along many parts of the Superstition
Mountain fault, but slip in historical time has not been
observed. No evidence of new movement was found
after the 1979 Imperial Valley earthquake on this fault
trace.

SUPERSTITION HILLS FAULT

The Superstition Hills fault cuts Quaternary depos-
its exposed in the badland area adjacent to the west
side of the Imperial Valley (fig. 2). The fault forms the
southwest boundary of the badland area over much of
its length. Small historical displacement has been de-
tected on this fault on several occasions, beginning in
1951 (Allen and others, 1965, p. 768). The displace-
ments of 1968 and 1979 were triggered by the distant
strong earthquakes at Borrego Mountain and in the
Imperial Valley, respectively (Allen and others, 1972;
Fuis, this volume). None of these historical displace-
ments have extended beyond the Quaternary trace of
the fault as originally mapped by Dibblee (1954).

ELSINORE FAULE ZONL

The Elsinore fault zone, a distinct, yet surficially dis-
continuous. zone of fractures, extends from the Penin-
sular Ranges into the Salton Trough near the Tierra
Blanca Mountains (fig. 2). In the trough the zone is
best defined and most continuous where it bounds the
southwest sides of the Coyote Mountains and the
Sierra de los Cucapas in Mexico. As with breaks on the
San Jacinto fault zone that are concealed by alluvium
in the floor of the mesa area west of the Imperial Val-
ley, continuity between the many individual strands in
the Elsinore fault zone cannot be demonstrated.

The total strike-slip offset on the Elsinore fault zone
near the Salton Trough, about 2 to 3 km, is small rela-
tive to the estimated extent of displacement on the San
Jacinto and San Andreas fault zones (Sharp, 1968;
Baird and others, 1970; Todd and Hoggatt, 1979). His-
torical movement on the Elsinore fault zone has not
been documented, and, indeed, within the Salton
Trough only its section south of the United States-
Mexican border has shown appreciable seismicity in
recent times.

NEOTECTONICS
OF THE IMPERIAL VALLEY REGION

The Imperial Valley and the Salton Sea are situated
along the axis of the Salton Trough. defined here as the
locus of topographically low points in the trough; how-
ever, early in Quaternary time the axis lay farther
west than at present, as shown by mineralogic studies
of detritus in the Palm Spring, Borrego, and Brawley
Formations (fig. 3) that was derived from the Colorado
River drainage (Merriam and Bandy, 1965; Muffler
and Doe, 1968). The area where clastic detritus was
laid down by the Colorado River extended nearly to the
west margin of the Salton Trough and nearly to the
north end .of the Salton Sea (fig. 4). Although this dis-
tribution of sediment derived from the Colorado River
implies that the axis, or low points, of the sedimentary
basin probably lay even farther west or north, the
structural axis of the subsiding trough may have been
approximately at its present position under the Impe-
rial Valley. If such was the case, then the rate of depo-
sition of detritus from the Colorado River must have
exceeded the rate of structural subsidence of the arca
under the present-day Imperial Valley. Alternatively.
the entire width of the Salton Trough may have sub-
sided as detritus borne by the Colorado River was depos-
ited, and subsidence may not have been localized near
the present axis.

During late Pleistocene and possibly early Holocene
time, regional tectonic deformation vastly altered the
geomorphology of the Imperial Valley region. Although
crustal movement along major and minor fault zones
and folding within the basin were proceeding vigorously
throughout Quaternary time, regional relative uphft ol
approximately the west half of the trough raised the
present mesa area west of the Imperial Valley unti!
erosion rather than deposition dominated theve. Puvt ot
the east flank of the trough next to the present-day
Salton Sea also was similarly uplifted. The folded aind
faulted sedimentary deposits in these parts of the
trough were vigorously incised by erosion as they
emerged from the floor of the basin, and badlands and
gravel-mantled terraces formed at various times and
places. During this phase of emergence, as much us
3,500 m of Quaternary deposits was eroded from parts
of the badland areas and redeposited in the newly de-
fined depression along the present-day axis of the Sal-
ton Trough (Sharp, 1972). Sedimentation and, con-
sequently, subsidence along the axis must have been
extremely rapid, inasmuch as this strip of the trough
received sedimentary detritus in great quantities from
the flanks of the trough, as well as continuing contri-
butions from the Colorado River, and yet maintained
its low elevation relative to the flanking areas as well
as sea level.
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Faulting on the floor of the Imperial Valley along
traces of the Imperial fault and the Brawley fault zone
may have occurred throughout this period of the
trough’s history, although there is no direct evidence to
confirm this interpretation. If the large horizontal slip
on the San Andreas fault were continuously taken up
by displacement on those faults near the axis of the
trough rather than on now-concealed faults to the east,
the evidence elsewhere for large late Quaternary slip
on the San Andreas fault would indirectly support this
conclusion. Growth of fault scarps at the north end of
the Imperial fault and along the southern part of the
Brawley fault zone, as well as formation of the Mes-
quite basin between them, is older than the last high
stand of Lake Cahuilla, probably before A.D. 1700
(Sharp, 1981). The scarp of the Imperial fault had al-
ready been eroded subaerially to approximately its
present rounded profile before being submerged under
the last high stand of Lake Cahuilla and mantled by a
thin layer of lakebeds. At present, no other geologic
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evidence for the antiquity of the Imperial fault or the
Brawley fault zone before creation of the present scarps
is known.
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ABSTRACT

Earthquake activity in the Imperial Valley since 1900 has been
characterized by clusters of swarm sequences along the Brawley fault
zone, interspersed with magnitude 5 to 7 main-shock/aftershock se-
quences along the Imperial fault. The historical record, though in-
complete before about 1940, suggests that changes in the spatiotem-
poral seismicity pattern evolve at a rate measured in tens of years.
Spatiotemporal seismicity patterns observed since installation of a
dense seismograph network in 1973 are consistent with models in
which fluid phases in the crust are an important rate-controlling
agent associated with the earthquake-swarm activity.

INTRODUCTION

In this chapter, we present a brief discussion of the
historical seismicity in the Imperial Valley, emphasiz-
ing the long-term variations in seismotectonic
phenomena leading to the damaging earthquake of Oc-
tober 15, 1979. This discussion serves as a background
against which the detailed observations presented in
this volume can be compared. We conclude with some
speculation on processes governing the seismicity pat-
terns. Much of this material represents the condensa-
tion of a discussion of recent seismic phenomena in the
Imperial Valley by Johnson (1979).

Although the region of concentrated study with which
this volume is concerned (fig. 5) makes up less than 4
percent of the principal coverage area of the southern
California seismic network (bold outline, fig. 5), it con-
tained 20 percent of all located events in the typical
years 1977 and 1978. The importance of understanding
the tectonics of the Imperial Valley (fig. 6) derives from

the fact that this major structural trough is part of the
transition zone between the oceanic-plate tectonics of
the Gulf of California and the transform faulting repre-
sented by the San Andreas fault zone. Such an under-
standing should provide insight into the loading process
of the San Andreas fault and is likely to be of major
significance to the problem of earthquake prediction.

RECENT SEISMICITY

Coverage of small local events has been reasonably
uniform only since the installation of the dense Imperial
Valley network in mid-1973 (Hill and others, 1975b).
Before that, the threshold magnitude for homogeneous
coverage in the Imperial Valley exceeded 3.5, and loca-
tion errors could be as large as 15 to 25 km because most
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Ficure 5.—Southern California, showing study area (shaded) and
location of major faults. Outline denotes principal coverage area of
southern California seismic network.
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network stations lay beyond the P, crossover distance.
Many features of the seismicity distribution (fig. 7) were
first observed and discussed by Hill and others (1975a)
after the network’s first year of operation. Specifically,
these observations included the dense north-south-
trending lineation of events (Brawley seismic zone of
Johnson, 1979) connecting the Imperial and San An-
dreas faults, a weaker lineation trending northwest of
El Centro, Calif., toward the San Jacinto fault zone, and
a wedgelike intervening zone of low seismicity.

The most conspicuous zone of seismicity, termed the
“Brawley seismic zone” by Johnson (1979), consists of
earthquake swarms and clustered events in which what
might be thought of as typical main-shock/aftershock
sequences are notably absent. Two of the larger recent
sequences within this zone were the January 1975
swarm (Johnson and Hadley, 1976) and the November
1976 swarm (Fuis and Schnapp, 1977), both of which
comprised several spatially discrete clusters of events
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F1GURE 6.—Schematic relation between tectonics of Imperial Valley

and northern Gulf of California. Adapted from Lomnitz and others
(1970, fig. 3).

that became active progressively over time. These
characteristics are also shared by five swarms that oc-
curred along the trend of the Imperial fault, as discussed
in considerable detail by Johnson (1979). We discuss
below one example of this type of behavior on the Impe-
rial fault—the October 1977 sequence. The presence of
complex swarmlike seismicity and geothermal systems
within the local spreading zone between two offset
strike-slip faults (Weaver and Hill, 1978/79) resembles
the observations of Reichle and Reid (1977) for the cen-
tral part of the Gulf of California physiographic prov-
ince.

The sharp definition of the east and west boundaries
of the Brawley seismic zone suggests an abrupt local
change in physical properties. One possibility is that
these boundaries are defined by faults paralleling the
overall trend of the fault zone, although there is little
other evidence to support such a conclusion. Another
possibility involves an abrupt change in porosity. The
Brawley seismic zone also marks a distinct change in
the level of seismic activity from diffuse activity west of
the zone to a near-absence of earthquakes east of the
zone and throughout the eastern Imperial Valley.

The focal depths for earthquakes in the Imperial Val-
ley are typically between 4 and 6 km, and the maximum
depth of earthquake occurrence is about 8 km. The re-
cently completed detailed seismic-refraction study of
the Imperial Valley by Fuis and others (this volume)
indicates that the crust beneath the central valley con-
sists of 10 to 12 km of Miocene and younger deposits
filling a profound structural trough floored by mafic
rocks with P-wave velocities between 6.8 and 7.2 km/s.
Fuis and others interpret the transition in P-wave ve-
locities from 4.5 to 5.7 km/s at depths of 4 to 5 km to
reflect a metamorphic transition to lower greenschist
facies within the sedimentary pile. Accordingly, earth-
quakes in the Imperial Valley apparently occur entirely
within sedimentary and metasedimentary rocks
younger than 4 m.y.

MAIN-SHOCK SEQUENCES

The task of compiling a list of main-shock sequences
on the Imperial fault since 1900 is complicated by the
sporadicity of field reporting before 1940. Table 1 in-
cludes the most likely candidates for such a list, al-
though surface breaks were observed only for the 1940
and 1970 events. More recent events suggest that sur-
face breaks may well have been generated by the earlier
events in the list, although none was reported. In the
absence of such direct evidence, we have used instead
the criterion that the maximum intensity—at least VIII
(modified Mercalli) or IX (Rossi-Forel)—occurred at one
of the communities immediately adjacent to the Impe-
rial fault. We have excluded events for which a clear
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TABLE 1.—Earthquakes with intensities exceeding VIII (modified Mer-
calli) or IX (Rossi-Forel) at Brawley, Imperial, Holtville, and El
Centro, Calif., and Mexicali, Mexico, since 1900

Time
Date M (G.m.t.) References

April 19, 1906 __________ 6.0+ 0030 Townley and Allen (1939),
Toppozada and others
(1978).

June 23, 1915 __________ 6.3 0359 Beal (1915).

June 23,1915 __________ 6.3 0456 Do.

May 28, 1917 __________ 5.5 0606 Townley and Allen (1939),
Toppozada and others
(1978).

January 1, 1927 ________ 5.8 0816 Do.

January 1, 1927 ________ 5.5 0913 Do.

May 19, 1940 __________ 71 0436 Neumann (1942).

May 19,1940 __________ 5.5 0635 Do.

October 15, 1979 6.6 2316 This study.

October 15, 1979 ________ 5.8 0658 Do.

association with faults other than the Imperial fault has
been established.

It is a curious fact that main shocks in the Imperial
Valley tend to occur in pairs of comparable size. This
was particularly the case for the 1915 and 1927 se-
quences. For the 1940 and 1979 events, however, the
second event in each year was nearly one magnitude
unit smaller than the main shock, and the high reported
intensity for both events (table 1) was due primarily to
the proximity of the second event to Brawley, Calif.

The two events in 1915 were assigned by Beal (1915)
to a fault that extends the San Jacinto fault as far
southward as the Cerro Prieto fault. No field evidence in
the form of surface breaks was found to support this
conclusion, and, as yet, no major throughgoing struc-
ture is mapped where the San Jacinto extension is pre-
sumed to lie. Further, Beal knew nothing of the exis-
tence of the Imperial fault, although he was familiar
with the San Jacinto fault and thus was not predisposed
to look for faulting east of E1 Centro. The unexpectedly
large intensities he reported at Holtville might other-
wise have led to such an interpretation.

Almost nothing is known of the damaging earth-
quake of April 19, 1906, other than that it apparently
had a magnitude of more than 6.0. The peculiar timing
of this event—only about 12 hours after the great San
Francisco earthquake, which occurred on the northern
section of the San Andreas fault—evidently distracted
attention from the Imperial Valley.

If all the events listed in table 1 actually did occur on
the Imperial fault, we should apparently expect a re-
currence time for damaging earthquakes on this struc-
ture of about 11 years, counting pairs as single occur-
rences. This interval, which is unusually short for
California, suggests that the most recent interval
(1940-79) was unusually long for the Imperial fault.

EARTHQUAKE SWARMS

Most earthquake sequences near the Imperial fault
can be characterized as swarms that begin with a
gradual buildup in activity over several days and in
which the largest events occur well into the sequence.
Although such sequences are typical throughout the
Brawley seismic zone, only those that occurred im-
mediately adjacent to the Imperial fault are considered
here. Because most of these swarms are generally simi-
lar, we consider in detail only one, the October—
November 1977 swarm.

The 1977 swarm comprised two discrete clusters
along the trend of the Imperial fault (fig. 8). Actually,
each cluster consisted of two temporally separate bursts
of activity, and thus this sequence can be considered as
four clusters. The northern cluster is clearly double, as
shown on the distance-time plot (A, B, fig. 9). Unfortu-
nately, the southern pair of clusters (C, D) occurred too
close together in time to appear separated on the scale of
this plot. The box in figure 9 marks the time-space
window of an unsuccessful attempt to predict the oc-
currence of the southerly events on the basis of behavior
observed in previous sequences along the Imperial
fault.

Each burst of activity in the October—November 1977
swarm sequence appears to have been associated with
the activation or formation of a planar fracture normal
to the Imperial fault. In all four earthquake clusters,
activity nucleated at depth along a planar projection of
the Imperial fault under the Mesquite basin (fig. 10).
This projection lies east of the surface trace of the fault,
and the inferred direction of dip of the fault is largely
consistent with the northeastward dip on the Imperial
fault suggested by seismic-refraction measurements
(Fuis and others, this volume). Subsequent activity in
each cluster spreads progressively outward from the
point of initiation. A series of stereopairs (figs. 10A-
10D) illustrates this process for cluster C. Figure 104
shows the first few events in the cluster and their typi-
cally tight distribution. The cloud of points to the north
marks the hypocenters of events in clusters A and B.
Figure 10B shows the beginning of southward migra-
tion away from a plane inferred to represent the subsur-
face position of the Imperial fault; earlier events in
cluster C are shown as points. Figures 10C and 10D
show the continuation of this southward migration
along an essentially vertical plane, and figure 11 pres-
ents a cross-sectional view of events plotted on the verti-
cal plane, as inferred above (fig. 12). It is apparent that
swarm activity migrated to the south at essentially a
constant depth. Although lateral migration at constant
depth is typical of other clusters as well, a change in
hypocentral depth over time is also a common feature.
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TEMPORAL VARIATIONS

Evidence is emerging that the spatiotemporal pattern
of seismicity in the Imperial Valley may be somewhat
repetitive. In particular, Richter (1958) observed that
the rather high incidence of swarm activity in the years
immediately before the 1940 earthquake declined af-
terward, and until 1950 few, if any, swarms were ob-
served in the central Imperial Valley. This change in
the level of activity is illustrated on a plot of seismic
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with October 1977 swarm sequence along Imperial fault. Individual
swarms in this sequence are labeled A through D in order of occur-
rence. Dashed line represents intersection with free surface of sub-
surface plane of Imperial fault, as suggested by hypocentral distri-
butions of several swarm sequences.

moment accumulated by year as inferred from mag-
nitude (fig. 13), using the relation of Thatcher and
Hanks (1973). The lull in activity after the 1940 earth-
quake was broken in 1950 by the largest swarm ever
recorded in the Imperial Valley. Details of these
changes in moment over time are better illustrated
when we plot the accumulated moment on expanded
scales (figs. 144-14C). The large step for the 1940
earthquake (fig. 144) is followed by a period of acceler-
ated rate in the decade beginning 1950 (fig. 14B). More
recently, an increase in moment rate beginning in 1975
(fig. 14C) is associated with an occurrence of swarm
sequences along the Imperial fault beginning in 1973.
Such sequences do not appear to have occurred before
that time and may represent phenomena truly pre-
cursory to the 1979 event. The general increase in
swarm activity led Johnson (1979) to speculate that
conditions were once again similar to those before the
1940 earthquake.

The swarm-dominated seismicity pattern beginning
in 1950 also has a migrational aspect. The large swarm
in 1950 occurred near the north end of the Brawley
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Ficure 10.—Stereopairs showing all A-quality hypocenters of Octo-
ber 1977 swarm sequence under Mesquite basin. Reference grid,
with sides 0f 0.1°, is plotted at depth of 6 km. View is from a point 275
km above lat 32°24' N., long 115°33' W. Both 1940 surface faulting
and faulting associated with January 1975 Brawley-seismic-zone-
trend sequence are shown. A, October 30 to midnight G.m.t.
November 13, 1977 (336 hours). Note initiation of swarm C as a

tight cluster on proposed subsurface plane of Imperial fault. B,
Midnight to 0800 G.m.t. November 13 (8 hours). Note rapid devel-
opment of swarm C to south. This development continues through
figure 10D, although most of its extent is defined after 4 hours. We
propose that this migration marks growth of vertical fracture. C,

0800 G.m.t. November 13 t0 0100 G.m.t. November 14 (17 hours). D,
0100-0300 G.m.t. November 14 (2 hours).
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present. Seismic moment (M) is estimated from local magnitude
(M), using relation log,, M,=1.5M, + 16 (Thatcher and Hanks,
1973).

seismic zone, and subsequent activity moved progres-
sively southward toward the epicentral region of the
1979 main shock. This movement is illustrated in a plot
of effective slip (assuming a 5-km-thick seismogenic
zone) along 10-km segments of the Brawley seismic zone
for three consecutive periods of time (fig. 15). It is diffi-
cult to say whether the onset of paired swarms along the
Imperial fault is related to southward migration of
post-1940 seismicity or to seismicity precursory to the
1979 earthquake.

It seems reasonable to expect that the 1979 event
should be followed by a period of quiet similar to that
following the 1940 event. Because the seismic moment
apparently is nearly tenfold smaller for the 1979 event,
however, this quiet period may be substantially shorter
than the 10 years that followed the 1940 event. As of
early 1980, activity in the aftershock series appears to
have fallen well below the level of activity before the
1979 earthquake, although it will be several more
months before this decline can be verified.

PHYSICAL MODELS

Two physical models have been proposed for the
earthquake swarm sequences in the Imperial Valley.
The first, a kinematic model suggested by Hill (1977),
holds that local spreading between offset strike-slip
faults occurs on magma-filled dikes (or, more generally,
fluid-filled cracks) penetrating brittle regions of the
crust, and that the long axes of these dikes or cracks
generally parallel the regional direction of maximum
compression. (This direction in the Imperial Valley is
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presently slightly east of north.) Earthquake swarms
occur as a result of series of shear failures along conju-
gate planes connecting adjacent tips of offset dikes (or
cracks) as the fluid pressure within the dikes ap-
proaches the magnitude of least compressive stress in
the brittle crust. This model is capable of accounting for
many observed phenomena, including the podlike shape
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Ficure 15.—Seismic moment summed in 10-km sections of Brawley
seismic zone during three intervals bounded by triangulation sur-
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relation of Thatcher and Hanks (1973), and plotted as equivalent
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ured from lat 32.65° N, long 115.26° W.

of the Brawley seismic zone (Weaver and Hill, 1978/79),
the predominance of strike-slip fault-plane solutions,
the occurrence of swarms on planes roughly perpendicu-
lar to the Imperial fault, and the tendency for events to
cluster in time and space.

The second, a quasi-dynamic model proposed by
Johnson (1979), holds that swarms are triggered by
episodic creep events on the Imperial fault. Goulty and
others (1978) have documented episodic creep on the
Imperial fault at the surface in support of this model. A
mechanism permitting both aseismic creep and earth-
quakes on the same fault was presented by Rice and
Simons (1976) for a fluid-infiltrated elastic matrix. Ac-
cording to this mechanism, the magnitude of the driving
stress determines whether creep or an earthquake will
occur (lower driving stress favors creep). Thus, earth-
quake swarms are interpreted as due to creep episodes
along the Imperial fault at depths of 3 to 6 km that
induce a redistribution of interstitial-fluid pressure in
the surrounding medium, which in turn induces a se-
quence of shear failures on faults within the regions of
fluid-pressure increase. Thus, in some respects, swarms
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can be thought of as aftershocks of aseismic creep, in
much the same way that Nur and Booker (1972) related
aftershocks to main-shock slip through pore pressure.
In addition, this quasi-dynamic model can account for
the nucleation of swarm clusters on the plane of the
Imperial fault and the uniform progressive lateral ex-
pansion over time.

This model also appears able to explain the south-
ward migration of swarm seismicity after the post-1940
quiet period. The Brawley seismic zone was in the
dilatational-strain quadrant of the 1940 event, and a
coseismic decrease in pore pressure should have oc-
curred. This reduced pore pressure would have rendered
the mechanism proposed by Rice and Simons (1976)
ineffective until the pore pressure returned to nearly its
previous levels. The return to elevated pore pressures
would presumably be soonest where the coseismic static
strains were lowest. Accordingly, the latest recovery
'would occur nearest the region of maximum fault slip.

We view these two models for swarm seismicity as, to
a large extent, complementary. Both explain many as-
pects of Imperial Valley seismicity, and the time scales
and spatial distributions of observed seismicity pat-
terns argue for fluid-based processes common to both
models.

CONCLUSION

Seismicity in the Imperial Valley since 1900 exhibits
several intriguing characteristics that should facilitate
an understanding of earthquake processes more gen-
erally. Tectonic changes in the Imperial Valley appar-
ently are occurring at a rate measured in tens of years,
and this pattern, if true, should provide a meaningful
pattern of recurrence intervals, despite the brevity of
the historical record. This relatively rapid pattern of
change contrasts markedly with the slow changes in the
gross seismicity of many other areas of southern
California.

Recent observations of seismicity in the Imperial Val-
ley have shown that earthquake swarms occur in bursts
of activity that are discrete in both space and time.
Migration of this activity can apparently be observed at
many scales, from regional changes affecting much of
the Imperial Valley to the growth of single planar fea-
tures with dimensions of a few kilometers. The northern
section of the Imperial fault appears to be capable of
both surface rupture during major earthquakes and
aseismic creep resulting in earthquake swarms.

Models proposed to explain the spatiotemporal as-
pects of Imperial Valley seismicity involve a fluid phase
as the principal rate-controlling agent associated with
the readjustment of stress. This fluid may be in both
magma-filled dikes in the deeper crust and water- or
brine-filled cracks and pore spaces at shallower depths.

Earthquake-swarm_ occurrence is tied to changes in
fluid pressure associated with magma injection at depth
or episodic fault creep. The accumulated observations
onthe 1979 earthquake, many of which are presented in
this volume, should lead to a deeper understanding of
the physical processes of earthquake generation in the
Imperial Valley.

REFERENCES CITED

Beal, C. H., 1915, The earthquake in the Imperial Valley, California,
June 22, 1915: Seismological Society of America Bulletin, v. 5,
p. 130-149.

Fuis, G. S., and Schnapp, Madeline, 1977, The November-December
1976 earthquake swarms in northern Imperial Valley, Califor-
nia: Seismicity on the Brawley fault and related structures [abs.]:
Eos (American Geophysical Union Transactions), v. 58, no. 12,
p. 1188,

Goulty, N. R., Burford, R. O., Allen, C. R., Gilman, Ralph, Johnson,
C. E., and Keller, R. P., 1978, Large creep events on the Imperial
fault, California: Seismological Society of America Bulletin, v.
68, no. 2, p. 517-521.

Hill, D. P., 1977, A model for earthquake swarms: Journal of Geophys-
ical Research, v. 82, no. 8, p. 1347-1352.

Hill, D. P., Mowinckel, Penelope, and Lahr, K. M., 1975a, Catalog of
earthquakes in the Imperial Valley, California: June 1973-May
1974: U.S. Geological Survey Open-File Report 75-401, 29 p.

Hill, D. P., Mowinckel, Penelope, and Peake, L. G., 1975b, Earth-
quakes, active faults, and geothermal areas in the Imperial Val-
ley, California: Science, v. 188, no. 4195, p. 1306-1308.

Johnson, C. E., 1979, CEDAR—an approach to the computer automa-
tion of short-period local seismic networks; seismotectonics of the
Imperial Valley of southern California: Pasadena, California In-
stitute of Technology, Ph. D. thesis, 343 p.

Johnson. C. E., and Hadley, D. M., 1976, Tectonic implications of the
Brawley earthquake swarm, Imperial Valley, California, Janu-
ary 1975: Seismological Society of America Bulletin, v. 66, no. 4,
p. 1133-1144.

Lomnitz, Cinna, Mooser, Federico, Allen, C. R., and Thatcher, Wayne,
1970, Seismicity and tectonics of the northern Gulf of California
region, Mexico. Preliminary results: Geofisica Internacional, v.
10, no. 2, p. 27-48.

Neumann, Frank, 1942, United States earthquakes, 1940: U.S. Coast
and Geodetic Survey Serial 647, 74 p.

Nur, Amos, and Booker, J. R., 1972, Aftershocks caused by pore fluid
flow?: Science, v. 175, no. 4024, p. 885-887.

Reichle, Michael, and Reid, Ian, 1977, Detailed study of earthquake
swarms from the Gulf of California: Seismological Society of
America Bulletin, v. 67, no. 1, p. 159-171.

Rice, J. R., and Simons, D. A., 1976, The stabilization of spreading
shear faults by coupled deformation-diffusion effects in fluid-
infiltrated porous materials: Journal of Geophysical Research, v.
81, no. 29, p. 5322-5334.

Richter, C. F., 1958, Elementary seismology: San Francisco, W. H.
Freeman and Co., 768 p.

Thatcher, Wayne, 1979, Horizontal crustal deformation from historic
geodetic data in southern Califoria: Journal of Geophysical Re-
search, v. 84, p. 2351-2370.

Thatcher, Wayne, and Hanks, T. C., 1973, Source parameters of
southern California earthquakes: Journal of Geophysical Re-
search, v. 78, no. 35, p. 8547-8576.

Toppozada, T. R., Parke, D. L., and Higgins, C. T., 1978, Seismicity of
California 1900~ 1931: California Division of Mines and Geology
Special Report 135, 39 p.



24 THE IMPERIAL VALLEY, CALIFORNIA, EARTHQUAKE OF OCTOBER 15, 1979

Townley, S. D., and Allen, M. W., 1939, Descriptive catalog of earth- | Weaver, C. S., and Hill, D. P., 1978/79, Earthquake swarms and local
quakes of the Pacific coast of the United States, 1769 to 1928: crustal spreading along major strike-slip faults in California:
Seismological Society of America Bulletin, v. 29, no. 1, p. 1-297. Pure and Applied Geophysics, v. 117, no. 1-2, p. 51-64.



CRUSTAL STRUCTURE OF THE IMPERIAL VALLEY REGION

By GaRry S. Fuis, WALTER D. MOONEY, JOoHN H. HEALEY,
GEORGE A. MCMECHAN, and WILLIAM |. LUTTER,
U.S. GEOLOGICAL SURVEY

CONTENTS

Page

Abstract __.__________________ . ___ 25
Introduetion _____________________ ________ ______________ 26
Data collection and analysis - ._____________________________ 26
Profile modeling ______________________________________ 28
Traveltime-contour map ______________________________ 33
Gravitymodel ___________ 35

Velocity-depth curves __________________________________ 36

Basement in the Imperial Valley _____ _____________ 39
Intermediate crustal layer . __________________ 40
Structure and tectonies ____________________________________ 41
Summary _________________ o ______ 46
Acknowledgments ________________________________________ 47
References eited ___.______________ _______________________ 48

ABSTRACT

The U.S. Geological Survey conducted an extensive seismie-
refraction survey in the Imperial Valley region during 1979. A total of
40 shots, ranging in size from 400 to 900 kg, were fired at seven
shotpoints. Each shot was recorded by 100 portable seismic instru-
ments arranged in profiles and arrays, with a typical instrument
spacing of 0.5 to 1 km. More than 1,300 recording locations were
occupied, and more than 3,000 usable seismograms were obtained.

We analyzed the data with a standard ray-tracing program adapted
for interactive computing. This program permits rapid computation of
traveltimes, so that a “best fitting” model can be determined by trial
and error; as many as 50 models were tried for each profile.

In this chapter we report on our analysis of five profiles and present
a contour map of reduced traveltimes from one shotpoint that was
widely recorded in the Imperial Valley and on bordering mesas (shot-
point 1). In addition, we present a gravity model based on our new
seismie structure for the Imperial Valley region. Analysis of these
data reveals a deep (10-16 km) trough of sedimentary and
metasedimentary rocks whose configuration tends to be an exagger-
ated version of the present topography in the Salton Trough. The
deepest part of this trough approximately coincides with the zone of
highest seismicity in the center of the valley, which we infer to be the
location of present-day rifting. The trough is bounded on the west by a
buried searp that coincides in places with mapped faults, ineluding the
Superstition Hills and Superstition Mountain faults. In other places
the scarp is apparently the buried expression of the rift that initiated
formation of the Imperial Valley. On the east side of the Imperial
Valley the thinning of the sedimentary rocks is more gradual; this
boundary of the trough appears to differ significantly from the west
boundary.

The velocity-depth functions determined for the Imperial Valley
and bordering mesas, together with gravity data and geologic infer-

ence, can be used to infer rock composition and important details of the
process by which the Imperial Valley was formed. In the center of the
valley, near the United States-Mexican border, the velocity increases
from 1.8 km/s near the surface to 5.65 km/s at a depth of 5.8 km,
according to the relation v=1.84+0.67z (km/s). At 5.8-km depth the
gradient changes and the velocity increases more slowly (to 5.85 ks
at 10-km depth). At 10-km depth there is a discontinuity in both
velocity and velocity gradient: the velocity jumps to 6.6 km/s and then
rapidly increases to 7.2 km/s in a 1-km interval, followed by a very
gradual increase with depth. No refractions from the M discontinuity
were observed or expected in the distance range covered in this sur-
vey. The velocity-depth function on West Mesa differs significantly
from the velocity-depth functions determined for the central valley.
Starting with a value of 1.8 km/s, the velocity increases to 2.4 km/sata
depth of about 1.4 km, where there is a discontinuity. Below this
discontinuity the velocity increases rapidly from 5.1 to 5.9 km/s in a
0.7-km interval, and then increases slowly with depth.

The depth at which the velocity gradient first decreases abruptly we
term the “top of basement.” An upper-basement velocity of 5.9 km/s on
West Mesa is appropriate for crystalline rocks of granitie eomposition
under sufficient pressure to close most cracks and microfractures. An
upper-basement velocity of 5.65 km/s in the central valley is not
characteristic of crystalline rocks. Therefore, we conclude that the
Imperial Valley region is underlain by two different types of base-
ment. Several lines of evidence lead us to infer that the basement
under the central valley is metamorphosed sedimentary rocks. First, a
velocity of 5.65 km/s is consistent with velocities determined in the
laboratory for metasedimentary rocks of lower greenschist facies.
Second, measurements made in deep (4 km) wells indicate that tem-
peratures at basement depths (greater than 5 km in most places) are
expected to exceed 300°C, at which point greenschist-facies
metamorphism begins, Third, there is no observed reflection from a
sediment/basement interface in the valley. Fourth, deep wells in the
valley penetrate only the upper part of the known Cenozoic section for
the region, implying a great thickness of underlying sedimentary
material. Thus, the central valley is apparently underlain by a 10- to
16-km-thick section of sedimentary rocks (v less than 5.65 km/s) and
metasedimentary rocks (v less than 5.85 km/s in most places) overly-
ing mafic intrusive rocks (v greater than 6.6 km/s).

On a map of reduced traveltimes from shotpoint 1, areas of rela-
tively early arrivals in the Imperial Valley correlate with five of the
six major geothermal areas having reservoir temperatures higher
than 150°C. The areas with the relatively earliest arrivals correlate
with those geothermal areas containing the largest estimated heat
reservoirs. This correlation probably reflects the presence of ther-
mally metamorphosed sedimentary rocks and igneous intrusions. The
traveltime map shows apparent connections between the Salton and
Westmorland geothermal areas and between the Heber and East
Mesa areas; the latter two areas appear to be right laterally offset

across the Imperial fault.
25
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Using our proposed velocity structure for the Imperial Valley region
to constrain a gravity model, we discover that the layer of mafic
intrusive rocks (model density, 3.1 g/cm?). also referred to as sub-
basement, largely compensates for the low-density sedimentary rocks
(model densities. 2.3-2.55 g/cm®). The relatively flat gravity profile
across the Salton Trough requires that the rapid variations in thick-
ness of the low-density sedimentary rocks be compensated by varia-
tions in thickness of the high-density layer of mafic rocks at inter-
mediate depths (greater than 10 km). The negative gravity anomalies
over the Peninsular Ranges and the Chocolate Mountains require
that the mafic layer deepen and {(or) pinch out in those directions.

The plate-tectonic model for southern California can be further
elaborated on from our studies. By drawing in an inferred boundary
between crystalline continental crust and sedimentary fill, we can
correlate idealized elements of this model with actual geologic struc-
tures. In particular, the San Jacinto and Elsinore faults appear to be
active fracture zones that are northwestward extensions of the Impe-
rial and Cerro Prieto transform faults, respectively. Part of the prom-
inent buried scarp on the west side of the Imperial Valley appears tobe
a rift boundary that originated 60 km to the south in the Cerro Prieto
geothermal area, an inferred spreading center, and moved north-
westward between the lmperial-San Jacinto and Cerro Prieto-
Elsinore faults.

INTRODUCTION

The Imperial Valley region of southeastern Califor-
nia is the birthplace of the San Andreas fault system, in
the sense that the Imperial fault appears to be the struc-
ture along which most plate-boundary strain is trans-
ferred northward into two of the major fault branches of
the San Andreas system—the San Jacinto and San An-
dreas (Banning-Mission Creek) faults. These faults are
demonstrably linked in creep and strain behavior to the
Imperial fault (Allen and others, 1972; Thatcher, 1979).

Dibblee (1954) summarized the geology of the Imperial
Valley region. Kovach and others (1962) and Biehler
and others (1964) published results from several short
(less than 12 km long) seismic-refraction profiles in
geographically separate areas of the Imperial Valley
region, as well as results from a network of gravity
measurements; their work provided the first accurate
picture of the crustal structure of the Imperial Valley
region. Lomnitz and others (1970) studied the seismic-
ity of the northern Gulf of California and proposed a
plate-tectonic model for the region, involving crustal
spreading from small ridge segments connected by
transform faults. Elders and others (1972) interpreted
all the geologic, geophysical, and geodetic data on the
region and elaborated on the model of Lomnitz and
others. More recent studies of seismicity in the Imperial
Valley (Hill and others, 1975; Johnson and Hadley,
1976; Fuis and Schnapp, 1977; Johnson, 1979) have
delineated in detail active faults in the Imperial Valley
and have emphasized the interplay between right-lat-
eral strike-slip movement on the Imperial fault and
various senses of movement on faults in the central and
northern Imperial Valley, where crustal spreading ap-
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pears to be occurring. Hill (1977) proposed a model for
crustal spreading and earthquake-swarm generation
that promises to be testable with seismic-refraction
techniques. His model involves the intrusion of clusters
of dikes parallel to the regional compression axis and
implies a velocity anisotropy for the valley.

In this chapter we report on the results of an extensive
seismic-refraction survey of the Imperial Valley region.
This survey was undertaken to refine the crustal model
used to locate earthquakes in the valley, and to study
the seismic properties of active fault zones. A combina-
tion of new instrumentation and improved methods of
analysis expedited our survey. The recent development
of 100 self-contained seismic recording units capable of
programmable turn-on, rapid deployment, and rapid
field playback allowed extensive coverage of the Impe-
rial Valley region with dense profiles and arrays. In
addition, the adaptation of a standard method of ray
tracing to interactive computing permitted testing and
analysis of numerous models.

We summarize here the results of modeling five seis-
mic profiles crossing the Imperial Valley region at dif-
ferent azimuths, and present a contour map of reduced
traveltimes from our most widely recorded shotpoint.
We also model an existing gravity profile across the
region, using our seismic structure to provide new con-
straints. We infer rock compositions from our velocity-
depth functions at selected places and apply these in-
ferences, together with our structural results, to the
plate-tectonic model for the region proposed by Lomnitz
and others (1970).

DATA COLLECTION AND ANALYSIS

We conducted our seismic-refraction survey primar-
ily during the period January-March 1979, although
we gathered some additional data after the October 15
earthquake. During the primary survey, 40 shots, rang-
ing in yield from 400 to 900 kg of high explosive, were
detonated at seven shotpoints (fig. 16); each shot was
recorded by 100 portable seismic instruments (see
Blank and others, 1979). On a typical night the instru-
ments were arranged in a line or pattern with instru-
ment spacings of 0.5 to 1 km, and three shots were
detonated. In all, more than 1,300 recording locations
were occupied, and more than 3,000 usable seismo-
grams were obtains. )

The ray-tracing method described by Cerveny and
others (1977) was adapted for interactive computing
(R. L. Nowack, written commun., 1979). This program
made possible rapid testing of models for traveltime
consistency with the data and, in addition, permitted
qualitative use of amplitudes to further constrain the
models. The traveltimes and the amplitude behavior of
first arrivals, wide-angle reflections, and multiple re-



27

CRUSTAL STRUCTURE OF THE IMPERIAL VALLEY REGION

S[[TH uonysaadng "HS () }Nej S[[TH PUBS "HPS 1)

[NB}SRAIPUY URS 'YQ 1[NE) [Bliod W] [ JJUOWBAUL] AJIDIWSIIS [RUER,

‘urgunojy uonsiadng C dng csjp uonusaadng (H dng nej utejunojy uonnsiadng ‘WS 3[negj
YU YB i Ne5] H A SNk a10Uuls|H ‘i (I Nej Yoad)

31040)) *))) HBLET "UOSUYO[ AQ PAUYIP SB) JUOZ IWSIIK Ad|MRIY "7 1AUOZ j[NBJ Ad[MRIY "¢ (I [NR] SAUOPOF|Y Y "PI[aPOW JOU 11 IXI) Ul PAUOIIUIW &1 ‘A[UO AUL[IN0 Aq
patedipul ‘g1 -N¢ 1uawdas ajyoud :a1ddiis pue aui[3no Aq pajedIpul ade po[apoll $a{4odd 'PazAruR sojjosd UOIDRIJAI PUR "SUAPI0IAL <1ulodJOYS JO SUOIILD0[—'9] FUNDIY

SHILINOTIN0Z o1 0
,0E.CE
As|jep jeuadwy
ybnos] uoyes jo m_x</V/ r A N OOIXANW _
s = GTEILVLS GALINO
7 . . \ﬁ«lucé TVINHOAIYO (@S
<, . = 1 Aaaaatias 8
. Easad v v v
.\ﬂq v, 0 J41<¢1<1<< vey
N tJ
v vry vww < .
v < c::wo _m_
N .
IS3L
[y v :
/ .
. uiseq
¢ aunbsapy
MZ-3L .
»
. MNZ-3S01
v TN Ve veveve . S0.£€
v \
A\
\
v .. v ﬂM\vv
v .N/<< ¥
v\
v. //
i N
v %\?\V\ N
<, v
% v
v
v @ v
ulodjo g
jurodjoyg m. v
uoyed0[ 19p1023Y v /uv,\ b
judweaul oISy ————— = VOQ
paugjul axaym pauand)—yne§
NOILVNV1dX3
JOV.E€

OEpLL

Sl.9tL



28

fractions were fitted. The extra time constraints pro-
vided by the multiple refractions, and the sensitivity of
these arrivals to lateral velocity changes, made them
particularly useful in constraining the models.

Analysis of the five profiles reported here was split up
among various combinations of the authors of this chap-
ter. Except for agreement on the starting model at
mutual shotpoints, the analyses were carried out more
or less independently, although the models were largely
patterned after that of Mooney and McMechan (this
volume) for profile 6NNW-13SSE! (fig. 16), in which
the structure is simple and amplitude ratios are used to
provide additional constraints. As many as 50 models
were tried for each profile. The final models are largely
consistent with one another in places where consistency
is expected, such as where they intersect or are adjacent.
For example, where reversed profiles BNNW-13SSE
and 1E-2W intersect (figs. 174, 17C), the velocity con-
tours and structural boundaries to a depth of more than
5 km agree to within a few tenths of a kilometer, al-
though deeper contours and boundaries diverge by as
much as 1 km. The area of this intersection represents
our best control on structure anywhere in the Imperial
Valley region. We note that agreement between models
near mutual shotpoints is not necessarily expected be-
cause these regions are unreversed, if sampled at all.

Several features of our models may reflect the specific
capabilities of the computer program used to calculate
ray paths through the models. A brief description of
pertinent features of this program is needed here. The
ray-tracing program permits us to construct two-
dimensional models consisting of layers that vary later-
ally in velocity and thickness. The analyst may assign a
linear vertical velocity gradient to each layer along
arbitrary numbers of vertical gridlines (not shown). We
note that if velocity gradients are assigned to a layer
with an irregular horizontal variation, the boundaries
between layers cannot be lines of constant velocity but
rather lines at which the velocity gradient changes. We
can envision changing these models by a tradeoff be-
tween the velocity gradient and the position of the layer
boundaries. We believe that this tradeoffis not a serious
ambiguity, although it certainly introduces some non-
uniqueness.

Further uncertainties in a complex velocity structure
may arise because the ray theory used does not include
diffracted waves. This circumstance could present a
problem in determining velocity gradients in the deeper
horizons where the ray-theory approach demands a ve-
locity increase with depth to bend the ray and return it

1Seismic lines constituting a profile are labeled from the shotpoints from which the lines
originate and the azimuths of the lines: NNW, north-northwest; SSE, south-southeast; and so
forth.
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to the surface, whereas a more complete wave theory
might explain some arrivals as diffracted energy with-
out requiring a velocity increase with depth. With these
exceptions, we believe that the main features of our
final models are approximately correct and will not be
significantly changed by further work. Traveltimes
generated by all models generally agree with the data to
within 0.05 s and, in the worst case, to within 0.15 s.
Both first arrivals and secondary phases are fitted by
the models. (For a more complete description of the ray
theory used here, see McMechan and Mooney, 1980.)

PROFILE MODELING

We modeled five profiles for the Imperial Valley re-
gion (fig. 16): one reversed profile along the axis of the
Salton Trough? (profile BNNW-13SSE; see also Mooney
and McMechan, this volume), and four profiles across
the Imperial Valley at various azimuths (profiles
6NW-1SE-1NW, 1ESE, 1E-2W, 10SE-2NW). We
present here only the final models (figs. 17A-17E, 18);
for a detailed description of the data and modeling pro-
cedures for these profiles, see the report by Fuis and
others (1981). In the following discussion, we list and
describe features of the models in the order of their
occurrence from the surface downward.

1. All models have in common a section of sedimentary
rocks (in one to three parts), a transition zone, a
basement, and a subbasement.

2. The velocity in the sedimentary section increases
continuously with depth without discontinuities
but with changes in the velocity gradient.
Velocity-depth curves also vary somewhat from
place to place. In the Imperial Valley the velocity
increases from 1.8 km/s at the surface to about 5
km/s at the base of the sedimentary rocks, at depths
ranging from 2.5 to 4.8 km (figs. 17A-17E). The
velocity gradient is generally lower (0.4-0.7 km/s/
km) in the upper kilometer or so of these rocks, and
steeper (0.7-1.8 km/s/km) in the lower part of the
section. Along the axis of the Salton Trough, how-
ever, the gradient is more or less uniform (0.7 km/
s’/km) throughout the section (fig. 17A). One excep-
tion to this pattern occurs in the model for profile
1E-2W (fig. 17C) just east of shotpoint 1, where the
velocity gradient is actually higher in the upper
than in the lower part of the sedimentary section,

2We define the “axis of the Salton Trough” as the line that bisects the Salton Sea, projects
southeastward on the same trend, and passes a few kilometers east of shotpoint 6 (fig. 16). We
note that the topographic axis of the Imperial Valley diverges from the trough axis to the
south; at the United States-Mexican border, it lies approximately 30 km west. We use the
terms “Imperial Valley,” “central Imperial Valley,” and “central valley” to denote the culti-
vated lowlands south of the Salton Sea within the shorelines of ancient Lake Cahuilla. The
term “Imperial Valley region” includes the Imperial Valley, the Salton Sea, East and West
Mesas, and the flanking mountains.
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possibly owing to structural complexity just east of
the shotpoint. On West Mesa the velocity increases,
with a gradient of 0.5 km/s/km, from 1.7 km/s at the
surface to 2.4 km/s at the base of the sedimentary
section (fig. 17E).

3. Contours of velocity generally dip toward the axis of
the Salton Trough where they are well established
in the regions between reversing shotpoints (figs.
17B, 17C, 17E).

4. The thickness of sedimentary rocks (velocity, less
than about 5 km/s) along the axis of the Salton
Trough ranges from about 4.8 km at the United
States-Mexican border to 3.7 km along the south-
west shore of the Salton Sea. An overall plunge of
about 0.8° SE. is thus implied for the base of these
rocks along the axis of the trough (fig. 17A). Across
the trough between Brawley and El Centro, Calif.,
the sedimentary thickness changes rather abruptly
from an average of about 1.4 km to West Mesa,
through 4.5 km in the center of the Imperial Valley,
to about 3 km on East Mesa. These changes in
thickness occur at buried scarps near the shorelines
of ancient Lake Cahuilla, which separate the valley
from the mesas. The scarp on the west is sharp; the
one on the east, gradual.
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5. In the central Imperial Valley, smooth continuity of
the traveltime curves from low (less than 5 km/s) to
high (5.55-6.00 km/s) apparent velocities is
modeled by a transition zone, 1 km thick, in which
the velocity increases from about 5 km/s at the base
of the sedimentary rocks to 5.65 km/sin most places
in the upper part of the basement (see, for example,
fig. 17A). The velocity gradient in this transition
zone generally decreases slightly from that in the
overlying rocks. On West Mesa and in other places
where the sedimentary section is thinner than 2.5
km, a velocity discontinuity occurs at the top of this
zone, and the zone is thinner (see, for example, fig.
17E).

6. The upper part of the basement has a velocity of
about 5.65 km/s in the central Imperial Valley, on
the basis of several reversed profiles; but on West
Mesa its velocity is about 5.9-6.0 km/s, on the basis
of a reversed-profile segment (5N-13S, fig. 16) and
a time-term study by Hamilton (1970).

7. Several structures are evident that affect the base-
ment and transition-zone boundaries as well as
deeper velocity contours in the sedimentary rocks.

7(a). A scarp extends along the Imperial fault from at
least 12 km southeast of El Centro to about 9 km
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1E-2W; D, 1ESE; E, 6NW-1SE-1INW. Vertical exaggeration, x2. Velocity boundaries (heavy lines; dashed where uncertain) are
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North
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north-northeast of El Centro (figs. 17D, 17E). Its
height apparently decreases from about 1 km at the
southeast end of this interval to less than 0.5 km at
the northwest end. A dip on the fault of about 70°
NE. fits the data at the southeast end, and a dip of
78° NE. fits the data at the northwest end; uncer-

tainty in dip is estimated to be less than 10°. No
scarp was detected across the fault where it splays
out southwest of Brawley (fig. 17C). A decrease in
velocity for waves passing through the fault zone
was needed in the model for profile 1ESE (fig. 17D)
and probably would have improved the fit in the

IN KILOMETERS
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EXPLANATION

Sedimentary rocks

Transition zone

Basement

Subbasement

Shotpoint
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F1GUre 18.—Models for profiles across Imperial Valley (figs. 17B-17E), arranged to show integrated view of structure.
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model for profile 6NW-1SE-1NW (fig. 17E).

7(b). In addition to the scarp along the Imperial fault,

an anomalous “bump” in the velocity contours in
the lower part of the sedimentary section 10 km
north of Brawley (fig. 17B) correlates with the so-
called Brawley seismic zone, defined by Johnson
(1979) to include the band of seismicity connecting
the Imperial and San Andreas faults.

7(c). A large scarp beneath shotpoint 1 is required be-

cause of the drastic difference in inferred depth to
basement east and west of the shotpoint. The pre-
cise height, shape, and location of this scarp are
more uncertain than most features in the models
because, in the absence of any sharp reflection from
the basement under shotpoint 1, no direct informa-
tion on this feature is returned to the surface from
this shotpoint. In fact, only shotpoint 6 (fig. 17E)
samples this feature, and sparsely at that. Scarp
height appears to increase from 1 km at an azimuth
southeast of shotpoint 1 (fig. 17E), to 3.5 km at an
azimuth east to northeast of shotpoint 1 (fig. 17C).
East and northeast of the shotpoint, the scarp may
be associated with the Superstition Mountain fault.
Southeast of the shotpoint, the scarp appears to be
part of a north-south-trending bench on basement
and transition-zone rocks that does not correlate
with any structure mappable at the surface (see
discussion of traveltime-contour map below).

7(d). There are no conspicuous scarps in the models

along other mapped faults, although the Brawley
fault zone and the Sand Hills and Algodones
faults(?) appear to correlate with changes in slope
on basement and transition-zone rocks (figs. 17C,
17D).

8. Animportantdiscovery from our refraction survey is

the existence of a subbasement with a velocity of 7.2
km/snearits top at depths ranging from 10 to 16 km
under the Imperial Valley. Evidence for this sub-
basement appears on all profiles longer than about
40 km (figs. 174, 17C-17E). Strong to weak second
arrivals at distances beginning between 25 and 40
km are followed by crossovers at distances between
40 and 55 km to branches having apparent veloci-
ties of 7.2 to 8.5 km/s. This subbasement can be
modeled by a velocity discontinuity separating the
lower part of the basement (5.85-6.6 km/s) from the
upper part of the subbasement (6.6-7.0 km/s).
Below this discontinuity is a 1-km-thick zone of
relatively rapid velocity increase to 7.2 km/s.

9. The topography of the subbasement, though of great

importance to a tectonic framework for the Impe-
rial Valley region, is difficult to resolve. An appar-
ent dip of 4.5° NW. is indicated in the model for
profile BNNW-13SSE (fig. 17A4), and the depth to

subbasement is projected to be 10 km at the United
States-Mexican border and nearly 16 km along the
southwest shore of the Salton Sea. However, the
depth to subbasement appears to decrease some-
what to the north in the models for profiles 6NW-
1SE-1NW, 1ESE, and 1E-2W (figs. 17C-17E, 18).
The greatest disagreement between the model for
profile BNNW-13SSE and other models where they
intersect is about 1 km at the intersection of profiles
6NNW-13SSE and 1E-2W (figs. 174, 17C). Thus,
we estimate our uncertainty in resolving depth to
subbasement at 1 km. Combining our best informa-
tion on the depth to subbasement, we might plot
only depths at the points for critical reflection on
the different profiles. The picture that emerges is of
a dome on the subbasement 11 km deep in the
region between Brawley and El Centro. This dome
has a relief on its south side of a little more than 1
km, an amount barely resolvable, and on its north
side of 5 km. In addition, gravity modeling (see
below) indicates an abrupt deepening of the sub-
basement under West Mesa and a more gradual
deepening under East Mesa. Thus, the region of
convergence of the Imperial and San Jacinto faults
and the Brawley seismic zone would appear to be a
subbasement high, although we emphasize that the
south closure on this dome is barely resolvable.

TRAVELTIME-CONTOUR MAP

A contour map of reduced traveltimes from shotpoint

1 (fig. 19), our most widely recorded shotpoint, is
roughly equivalent to a sediment-isopach map on
which greater reduced traveltime correlates with
greater sedimentary thickness. Although this map is
difficult to interpret quantitatively because of struc-
tural complexity beneath shotpoint 1, qualitatively it
reveals several intriguing features.

1. The map mirrors surficial topography, in that a
“ridge” of high reduced traveltimes corresponds to
the Imperial Valley and a “valley” of low reduced
traveltimes corresponds to topographically higher
West Mesa. The “ridge” reflects the-trough of
sedimentary rocks that underlie the valley. We
note that an arrival at the surface corresponds to a
ray leaving the basement several kilometers closer
to the shotpoint. When we take into account this
radial displacement (6-8 km in the center of the
valley) of features on the map from basement fea-
tures to which they might correspond, we see that
the “ridgecrest,” or locus of greatest sedimentary
thickness, corresponds fairly accurately to the
seismogenic belt in the valley, the Brawley seismic
zone of Johnson (1979). The “valley” of low reduced
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traveltimes on West Mesa corresponds to the rela-
tively thin veneer of sedimentary rocks in that
area.

2. A steep gradient in the contours separates the
“ridge” from the “valley.” Southeast of shotpoint 1
this steep gradient trends roughly north-south and
is interpreted to correspond to a buried scarp with

fault. In addition, northeast-trending lows and
highs in reduced traveltimes that occur between
the Elsinore and San Jacinto fault zones correspond
to an inverse topography on the basement that
probably represents northeast-trending horsts and
grabens in that area (R. V. Sharp, oral commun.,
1980).

this same trend. This scarp is visible beneath shot- | 3. Subtle “valleys” and “saddles,” as long as 15 km and

point 1 in the model for profile 6NW-1SE- INW
(fig. 17E). North of shotpoint 1 this gradient is de-
flected successively along the Superstition
Mountain and Superstition Hills faults, probably
reflecting buried scarps along these faults. The in-
ferred scarp along the Superstition Mountain fault
is visible beneath shotpoint 1 in the model for pro-
file 1IE-2W (fig. 17C). Steep gradients are also asso-
ciated with the Coyote Creek fault, the northwest
margin of the Superstition Hills, and the Elsinore

115°30"

with relief as great as 0.3 s, indent the central
“ridge” in northeasterly directions. These features
correlate with five of the six known geothermal
areas in the Imperial Valley having reservoir tem-
peratures higher than 150°C (see Renner and
others, 1975; Brook and others, 1978). The
strongest features correlate with areas containing
the largest estimated heat reservoirs. The
traveltime map shows an apparent connection be-
tween the Salton and Westmorland areas and be-
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Ficure 19.—Contour map of reduced traveltimes for first arrivals from shotpoint 1; reducing velocity, 6 km/s. Faults shown are same as in
figure 16. Geothermal areas shown are those with reservoir temperatures greater than 150°C: B, Brawley; Bd, Border; EM, East Mesa; H,
Heber; S, Salton Sea; W, Westmorland. Map is approximately similar to sediment-isopach map on which greater reduced traveltime

correlates with greater sedimentary thickness.
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tween the Heber and East Mesa areas; the latter
two appear to be right laterally offset across the
Imperial fault.

GRAVITY MODEL

Our velocity structure for the Imperial Valley region
can be used to constrain an interpretation of the gravity
data. To illustrate this point, we have made a prelimi-
nary interpretation of a gravity profile extending from
the coast near San Diego, Calif., across the Peninsular
Ranges and the Salton Trough, into the Chocolate
Mountains. The data are from Oliver and others (1980),
and the profile was selected to cross the Imperial Valley
in an approximately east-westerly direction and pass
approximately through shotpoint 1 (fig. 20).

The important new facts from our refraction data that
bear on the gravity interpretation include a more de-
tailed description of the distribution of sedimentary
rocks, as well as evidence for a subbasement, a layer of
probable basaltic composition (see below), at inter-
mediate depths. An inspection of the gravity profile
shows a marked anomaly associated with the Peninsu-
lar Ranges, probably caused by a thickening of the
granitic crust. The gravity profile, however, is relative-

" Ncalculated

-80 -

BOUGUER ANOMALY, IN MILLIGALS

La Jolla Peninsular Ranges

w 1.03

Shotpoint 1

ly flat across the Salton Trough, and there is no evidence
for any anomaly associated with the thick sedimentary
rocks (model densities, 2.3 and 2.55 g/icm?®) in the Impe-
rial Valley. When we calculate the gravity effect of
these sedimentary rocks and subtract it from the ob-
served gravity, we obtain a pronounced anomaly of ap-
proximately 50 mGal with a steep gradient along the
west margin of the Imperial Valley that is associated
with the scarp revealed by the refraction data. This
calculated gravity anomaly is difficult, if not impossi-
ble, to remove by varying the depth to the mantle (model
density, 3.32 g/cm?) but can be easily removed by vary-
ing the depth to the shallower subbasement. or inter-
mediate layer (model density, 3.1 g/cm?). We find that to
match the observed gravity profile, the upper surface of
this intermediate layer must largely mirror the contact
between sedimentary rocks and basement (basement
model densities, 2.75 g/cm? for crystalline rocks and
2.65 g/cm? for metasedimentary rocks); an abrupt deep-
ening of this layer at the west margin of the Imperial
Valley is required to compensate for the observed scarp
on the basement above it (fig. 20B). In addition, the
negative gravity anomalies over the Peninsular Ranges
and the Chocolate Mountains require that the inter-

Salton Trough

Brawley. Chocolate Mountains E

23
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Ficure 20.—Cross section east-northeastward across California from
La Jolla to Chocolate Mountains. A, Gravity profile. B, Model,
where numbers are densities (in grams per cubic centimeter), Sub-
basement (hachured area; density, 3.1 g/cm®) beneath Salton
Trough, a feature absent in previous gravity models for Imperial

Valley region, provides most of gravitational compensation for
sedimentary rocks (densities, 2.3 and 2.55 g/cm®) and inferred
metasedimentary rocks (density, 2.65 g/cm3). Horizontal part of
small rake symbol labeled “M” indicates Moho depth determined by
seismic refraction.
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mediate layer deepen and (or) pinch out in those di-
rections.

In our model, we show the mantle at a minimum
depth of 23 km under the Imperial Valley and some
variation in the depth to mantle under the Salton
Trough. These depths are not constrained by seismic
data for the mantle, and the current interpretation of
the gravity data is not unique regarding depth to man-
tle or structure of the crust-mantle boundary.

VELOCITY-DEPTH CURVES

Our models agree well with the earlier results of
Kovach and others (1962), Biehler and others (1964),
and Hamilton (1970) if we take into account that these
researchers did not have interpretational tools to calcu-
late models with velocity gradients or lateral velocity
changes. Our observations of apparent velocities are
similar to those of Kovach and others (1962) when com-
pared on a histogram (fig. 21). Similar broad clusters of
apparent velocities are seen to peak between 1.8 and 2.6
km/sand between 5.4 and 6.2 km/s on the histograms for
both data sets, and there is no strong indication of
grouping between these two clusters or beyond 6.2 km/s.
In our models these two clusters are represented by
layers of relatively low velocity gradient, namely, the
uppermost part of the sedimentary section and the
basement (fig. 22; table 2). Our interpretation of rela-
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tively high velocity gradients in the region between
these two layers is certainly not contradicted by the
relatively even spread in apparent velocities between
the two clusters on the histograms. Comparing our in-
terpretation for the central Imperial Valley with that of
Biehler and others (1962), it is clear that our curve,
showing a continuous increase in velocity with depth, is
largely an average of their curve, showing a stepwise
increase with depth (fig. 23). We note that the 6.4-km/s
basement velocity in their model is an apparent velocity
from an unreversed branch on a profile north of Braw-
ley, Calif. The scatter in apparent velocities higher than
7.0 km/s (fig. 21B) is accounted for in our models by an
irregular upper surface on the subbasement, of velocity
7.2km/s, and considerable structure in the layers above.

Our velocity-depth curves (fig. 22; table 2) can, in
principal, be checked against well velocity surveys, at
least for the upper part of the sedimentary section. At
present we have access to a velocity survey from only
one well, the Grupe-Engebretson well (Kovach and
others, 1962; Biehler and others, 1964), drilled 11 km
northwest of shotpoint 6 to a depth of about 3.75 km.
Referring to the nearest point on our profile, 6NNW-
13SSE (fig. 17A), we see that this well penetrated below
the calculated depth of the 4-km/s contour. The well was
surveyed for velocity to 2.5 km and yielded a velocity-
depth relation of v(z) =1.804+0.67z (km/s), where z is the

Sedimentary rocks
AL .

A EXPLANATION
3 Number of data points
determining velocity
5 5ormore data points
] T T T T
Basement Subbasement B

AL

NUMBER OF OCCURRENCES

N

3

T

5

APPARENT VELOCITY, IN KILOMETERS PER SECOND

Figure 21.—Frequency distribution of apparent velocities. A, Data from Kovach and others (1962), shown for comparison. B, Data from this
study. Geologic units to which intervals of apparent velocity generally apply are indicated above braces. Subbasement velocities, which are

more interpretative than others shown, were determined from long
to pick (second arrivals) or emergent (first arrivals).

average lines fitted through arrivals that were generally either difficult
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depth (in kilometers), which compares well with our
relation at this point on the profile of v(z)=1.80+0.67z
(km/s).

The velocity-depth curves (fig. 22) are roughly similar
to one another except for some locations along profile

6NW-1SE-1NW (SP1 to SP 6, fig. 22). In most places, a

relatively high velocity gradient above a depth of 4-5
km is followed at greater depth by a relatively low
velocity gradient, with a transitional region about 1 km
thick in between within which the gradient is inter-
mediate. This velocity structure reflects sedimentary
rocks overlying basement, with an intervening transi-
tion zone. We note that the velocity of the upper part of
the basement is considerably less than 6 km/s.

On profile 6NW-1SE-1INW on West Mesa, the
velocity-depth curve is quite different (SP1 to SP6, —1,
fig. 22). A sedimentary section 1% km thick overlies the
basement, and there is a marked velocity discontinuity
between them; the upper part of the basement (below a
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thin transition zone) has a velocity of nearly 6 km/s. A
basement velocity of nearly 6 km/s agrees with the
results of Hamilton (1970), who studied a somewhat

" larger region than we did on the west flank of the Salton
' Trough. This velocity is also consistent with velocities

determined in the laboratory for felsic igneous and
metamorphic rocks (Birch, 1960) similar to those ex-
posed on West Mesa and encountered in wells penetrat-
ing the sedimentary rocks 1n that area (Don Lande, oral
commun., 1980). Along profile 6NW-1SE-1NW south-
east of shotpoint 1 (SP1 to SP6, 1, 17, 53, fig. 22), a
change in velocity-depth structure occurs, from the
structure shown for West Mesa to a structure typified by
most of the rest of the velocity-depth curves for the
Imperial Valley. Most of this change appears to occur
within a few kilometers of shotpoint 1, southeast of the
major scarp evident in our model (fig. 17F) and on our
traveltime-contour map (fig. 19). Importantly, the
upper-basement velocity changes from 5.9-6.0 km/s on

SP13 to SP6 SP1to SP6 SP1 to SP2 SP10 to SP2
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Ficure 22.—Velocity as a function of depth at selected places along
profiles modeled in figure 17. Numbers on curves indicate distance
(in kilometers) southeast or east of first-named shotpoint (SP) on
respective plot. Dashed vertical line at 6 kmy/s is for reference. Note
that velocity at points where velocity gradients first decrease
abruptly, which is uppermost part of basement, at depths of 4 to 6
km in most places, is considerably less than 6 km/s except at loca-

tions —1 and 1 on SP1 to SP6. We interpret these relatively low
upper-basement velocities to correspond to metasedimentary rocks
in lmperial Valley. Location —1 on SP1 to SP6 is on West Mesa,
where evidence from outcrops and wells penetrating sedimentary
rocks indicates that upper part of basement, corresponding to veloc-
ity greater than 5.8 kmy/s, is igneous and metamorphic (crystalline)
rocks.
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TABLE 2.—Velocity above and below model boundaries at locations of velocity-depth curves in figure 22.

| Velocity-depth curves in figure 22 were constructed from values listed here, Curve numbers, which are same as in that figure, indwate distance (in k:lometers) southeast or east of first-named
shotpoint (SP) in respective section of table Double slant between two velocities indicates discontinuity; slant preceded or fullnwed by dash indicates top or bottom of model, respectively.|

Depth to Velocity above below Inferred Depth to Velocity above/below Inferred
boundary (km) boundary (km s) geologic unit boundary (km) boundary (km/s) geologic unit
SP13 TO SP6 SP1 TO SP2
Curve 0 (SP13), lat. 33°10.6" N., long 115°52.4° W. Curve 2.5, lat 32°53.6' N., long 115°44.7' W,
0.0 —2.2 : . 0.0 —/1.8
3.68 5.0/5.0 ! ied‘m.i’.“ary rocks. 1.8 3.73.7 Sedimentary rocks.
4.68 5.65/5.65 ransition zone. 4.55 5.15.1 Transition zone.
15.78 5.85/6.6 Basement. 5.55 5.65/5.65 Basement
5868 7.2/7.2 Subbasement 11.4 5.95//6.6 :
0 74— L . 533 777.62357;2 Subbasement.
Curve 38, lat 32°57.1' N, long 115'34.0' W, - -
00 s : Curve 25, lat 32°55.3° N., long 115°30.5" W.
4.33 5.05/5.05 ,?ii;’:’i‘i‘ssrzym‘;?ks' 0.0 18
5.33 5.65/5.65 - . 1.8 3.0/3.0 :
12.82 5.85/6.60 Basement. 4.55 5.1/5.1 %ﬁdlmemary rocks.
13.82 7272 5.55 5.65/5.65 ransition zone.
20.0 751 Subbasement. 11.3 5.95//6.60 Basement.
Curve 78 (SP6). lat 32'41.7° N, long 115°15.1' W, 5%3 777557_2 Subbasement.
2-85 5‘1;%514 Sedimentary rocks. Curve 43, lat 32°57.1' N., long 115°19.1' W.
5.95 5.65.5.65 gransmon zone. 0.0 18
9.84 5.85,/6.60 agement. ég 2(5);23 Sedimentary rocks.
10.74 72078 g 5.0/5. e
20,0 7.15557_2 Subbasement. 13 5.65/5.65 glansltl();’) zone.
10.63 5.95 6.6 Agereent
SP1 TO 5P6 11.63 7.2/7.2
200 7 76// : Subbasement.
Curve 1, lat 32°53.4° N., long 115°46.8' W. : —
0.0 A5 SP10 TO SP2
ii 223'2//;25'31 Sedimentary rocks. Curve 0 (SP10). lat 33°05.2" N., long 115°37.5" W.
21 5858 Transition zone. 0.0 )
12.5 6.6//7.0 Basement. 1.0 2.3/2.3 Sedimentary rocks.
13.5 7.2/1.2 2.5 3.813.8
20.0 8.0/— Subbasement. 3.95 5.05 0 Transition zonhe
4.4 .65/5.6 :
Curve 1, lat 32°52.9' N.. long 115°45.7 W. 150 255560 Basement.
?g 2—8%2 Curve 15, lat 33'02.4' N., long 115728.5' W.
25 5'0;,/5' 1 Sedimentary rocks. 0.0 195
3'1 '-8/5 8 Transition zone. 1.0 23123
. 5.8/5. . il imentary r
o5 camt Basement. 29 3636 Sedimentary rocks.
13.5 1.271.2 Subbasement. 4.6 :"848 Transition zone.
20.0 8.0— 5.3 5.5/5.5 Basement
Curve 17, lat 32 49.3' N., long 115 37.1' W. 13.0 7.0 f i '
0.0 — /1.8 Curve 33 (SP2), lat 32°59.0' N, long 115 17.6' W.
L
48 5.85.8 ransition zone. .6 2.12.1 Sedimentary rocks.
Basement. 1.8 3.83.8
538 Zé//’?_Z Subbasement. 41 5.65.5.65 'Il;l‘anSltlo: zone.
13.0 7.0— asement.
Curve 53 (SP6), lat 32 41.7' N, long 115°15.1’ W.
0.0 — 1.8
i%5 %?g? Sedimentary rocks.
5.75 5.6/5:6 Transition zone.
12.5 6.6/7.0 Basement.
13.5 .2/7.
20.0 ;gg_z Subbasement.
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VELOCITY, IN KILOMETERS PER SECOND
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West Mesa to 5.65 km/s near shotpoint 6. The implica-
tion of the 5.65-km/s velocity is discussed below.

BASEMENT IN THE IMPERIAL VALLEY

What is the composition of the basement in the Impe-
rial Valley, which lies below depths of 5-6 km and is
characterized by a relatively low velocity at its top of
5.65 km/s? The deepest wells in the valley bottom at
about 4 km in Colorado River delta deposits of Pleisto-
cene(?) age (Muffler and Doe, 1968). These deposits ap-
parently represent only the upper part of the known
Cenozoic section in the Salton Trough, which extends in
age back to late Miocene (Sharp, 1972). It is thus geolog-
ically plausible that the rest of this sedimentary section
is present in the Imperial Valley and constitutes the
basement below depths of 5-6 km.

The shape of the velocity-depth curves down to 4-5
km is consistent with gradual closing of cracks and
pores and with diagenetic processes in the sedimentary
rocks. Such processes are described in rocks cored from
the Wilson No. 1 well, drilled to a depth of 4 km at a site
10 km southeast of Brawley (Muffler and White, 1969).
The temperature profile measured in this well, when
extrapolated to greater depth, indicates that green-
schist-facies metamorphism (at temperatures higher
than 300° C) would begin at a depth of 5 km, the approx-
imate depth of the top of our transition zone in this
location. Thus, it appears likely that the basement, 1
km deeper yet at this site, is metamorphosed sedimen-
tary rocks. This conclusion s supported by laboratory
studies of velocity in sedimentary and metasedimen-
tary rocks, discussed below.

Ficure 23.—Velocity as a function of depth from data of this study in
comparison with those of other studies. Dotted vertical line at 6
kmy/s is for reference. Velocity-depth curve for West Mesa is that
labeled “—1” on SP1 to SP6 in figure 22; curve for Imperial Valley is
that labeled “38” on SP13 to SP6 in figure 22. Curve for West Mesa,
which is underlain by crystalline igneous and metamorphic base-
ment, agrees reasonably well (between 1.4- and 10-km depth) with
curve of Hamilton (1970), which is average for somewhat larger
area than we studied on west flank of Salton Trough, and also with
curve for Mojave Desert region of California (G. S. Fuis, unpub.
data, 1976), which is, likewise, underlain by crystalline igneous and
metamorphic rocks. Curve for Imperial Valley indicates compara-
tively lower velocities for basement (between 5.5- and 13-km depth)
that we infer to correspond to metasedimentary rocks. None of these
curves resemble those for oceanic crust (Cocos plate, East Pacific
Ocean) constructed by Lewis (1978). Upper oceanic crust (between
3- and 5-km depth) is largely made up of extrusive basalt; middle
oceanic crust (between 5- and 8-km depth) is believed to be diabase
at top and metagabbro below, on the basis of ophiolite studies.
Middle oceanic crust probably resembles Imperial Valley subbase-
ment, which is characterized by velocities higher than 6.6 km/s and
occurs below 13-km depth on Imperial Valley curve.
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In laboratory studies of Franciscan sedimentary and
metasedimentary rocks at high temperatures and pres-
sures, Stewart and Peselnick (1978) obtained a formula
for the P-wave velocity:

(N (2 (ﬁ)
Cote (()T)I ((;P)l Napp /1

where v,=-2.53 km/s, (0v/0T)=—8.6x10"* km/s/°C,
(0v/0P)=4.1x10"" km/s/MPa,(dv/dp;)=3.10 km/s/g/cm?,
and p;, is the initial bulk density. This formula may need
to be corrected for calcium content in a manner analog-
ous to that described by Simmons (1964) for single min-
erals (Roger Stewart, oral commun., 1980). The correc-
tion term (in km/s) is 4.60[CaO], where [CaO] is the
weight fraction of calcium oxide. The Franciscan rocks
analyzed by Stewart and Peselnick (1977) contained
only a little more than 2 weight percent CaO, in com-
parison with about 7 weight percent CaO in rocks pene-
trated in the central Imperial Valley in the Wilsor No. 1
well (Muffler and White, 1969). We use the difference of
5 weight percent as the weight fraction in the correc-
tion. To calculate the velocity of sedimentary or
metasedimentary rocks at 6-km depth in the Imperial
Valley, we use a temperature of about 300°C and a
pressure of 145 MPa (1.45 kbars, assuming an average
density of 2.45 g/cm®—see fig. 20—in a column 6 km
high). For bulk density, we use values between 2.60 and
2.65 g/cm*, determined from sedimentary rocks in the
Salton Sea geothermal area that have been metamor-
phosed to lower greenschist facies at temperatures
higher than 300°C (W. A. Elders, oral commun., 1980).
The calculated velocity ranges from 5.33 to 5.49 km/s,
depending on the density. Correcting for calcium con-
tent, the velocity ranges from 5.56 to 5.72 km/s, in good
agreement with the upper-basement velocity of 5.65
km/s determined in this study.

We note that these low velocities cannot be obtained
from felsic igneous or metamorphic rocks (in which ve-
locities range from 5.9 to 6.6 km/s at 200 MPa; Birch,
1960) by a thermal effect. Using a temperature coeffi-
cient for quartz monzonite (Lin and Wang, 1980) of
—0.6x107* km/s/°C and a maximum temperature dif-
ference of 250°C at 6-km depth between the Imperial
Valley and West Mesa (assuming that West Mesa could
be as cool as the standard continental area of Lachen-
bruch and Sass, 1977), we obtain a velocity reduction of
only 0.15 km/s for the Imperial Valley relative to West
Mesa. We note also that the basement velocity in the
central Imperial Valley differs considerably from labo-
ratory velocities for intrusive basaltic rocks (6.5-6.8
km/s for diabase; Birch, 1960) and from velocities of
oceanic crust at comparable pressures (fig. 23; Lewis,
1978).

Contradicting our conclusion that metasedimentary
rocks overlie the subbasement, or intermediate crustal
layer, in the Imperial Valley is evidence obtained from
xenoliths in the Salton Buttes rhyolite extrusions. This
evidence indicates that, at least in some places, rem-
nants of granitic crust may underlie the metasedimen-
tary rocks. The xenoliths are low-potassium tholeiitic
basaltic rocks and soda granite in roughly equal pro-
portions, and include sedimentary and metasedimen-
tary rocks in much smaller amounts (Robinson and
others, 1976). The granitic xenoliths are of particular
interest in that they may indicate the presence of
remnant continental basement at depth in this area.
These granitic xenoliths apparently are not cognate
xenoliths because they differ chemically from the en-
closing rhyolite and their 87Sr/88Sr ratio is higher (0.72,
in comparison with 0.705). However, the xenoliths are
not clearly derived from granitic basement rocks of the
Peninsular Ranges or the Chocolate Mountains, which
tend to be granodioritic and quartz monzonitic in com-
position, respectively (Robinson and others, 1976). The
granitic xenoliths display extensive recrystallization in
their granophyric textures, as well as varying degrees of
remelting, that must predate their inclusion within the
rhyolite because the sedimentary and metasedimentary
xenoliths show no such effects. We conclude that the
granitic xenoliths came from greater depth than the
sedimentary and metasedimentary xenoliths, where
partial melting is occurring. If these xenoliths derive
from arkosic sedimentary rocks at depth rather than
granitic basement rocks, we must envision melting,
crystallization, and remelting of the parent sediment.
Furthermore, we would expect a spectrum of xenoliths
intermediate in type between the granitic and sedimen-
tary xenoliths, exhibiting all stages of partial melting,
crystallization, and remelting, which is not the case.

INTERMEDIATE CRUSTAL LAYER

The most definitive evidence for the existence of an
intermediate crustal layer, or subbasement, in the cen-
tral Imperial Valley comes from profile ENNW-13SSE
(fig. 17A; Mooney and McMechan, this volume) along
the axis of the Salton Trough. This is the only profile
exhibiting reversing branches of arrivals from such a
body, although phases from this crustal layer are evi-
dent on almost all the other profiles that we have exam-
ined.

A transition zone apparently exists at the top of the
subbasement, where, after a velocity jump to 6.6-7.0
km/s, the velocity increases rapidly through this zone (1
km thick in our models) to 7.2 km/s. Velocities less than
7.2 km/s are required at the top of this zone to give the
correct amplitude for reflections and the correct dis-
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tance at which the critical reflection is seen (Mooney
and McMechan, this volume).

A velocity of 7.2 km/s requires that the subbasement
be mafic in composition, such as gabbro or amphibolite
(see Birch, 1960). Basaltic xenoliths in the Salton
Buttes rhyolite extrusions, and basaltic sills and dikes
encountered in wells (Griscom and Muffler, 1971; El-
ders and others, 1972; Robinson and others, 1976;
Browne, 1977), do indeed indicate the presence of mafic
rocks at depth under the valley. Presumably the sub-
basement, like this basalt, intrudes the basement. We
suggest that the transition zone at the top of the sub-
basement consists of sheeted dikes and sills of diabase,
with velocities ranging from 6.6 to 6.8 km/s (see Birch,
1960), and the lower part of the subbasement consists of
gabbro, with velocities of 7.2 km/s and higher. This
inferred geology is similar to that of oceanic middle
crust based on ophiolite studies (Clague and Straley,
1977; Lewis, 1978; see also comparison of velocity struc-
tures in fig. 23).

STRUCTURE AND TECTONICS

The seismic data reported here provide new insights
into the structure and tectonics of the Imperial Valley
region. In this section we incorporate this new evidence
into a structural synthesis of the region (fig. 24).
Mapped faults are generalized from geologic maps
(Dibblee, 1954; Strand, 1962; Jennings, 1967; Gastil
and others, 1971; Clark, 1972; Sharp, this volume).
Buried (fault) scarps and geothermal traveltime
anomalies are from the reduced traveltime-contour map
(fig. 19). Seismicity lineaments are drawn on the basis of
the epicenters compiled by Johnson (1979, p. 139). Focal
mechanisms are those reported by Allen and Nordquist
(1972), Hamilton (1972), Johnson and Hadley (1976),
Fuis and Schnapp (1977), and Johnson and Hutton (this
volume).

The inferred extent of crystalline igneous and meta-
morphic basement rocks (velocity greater than 5.9
km/s) on the map (fig. 24) is based on our interpretations
of seismic-refraction data, on data from wells, and on
the geology. On West Mesa, the boundary most likely
corresponds to a prominent buried scarp (see figs. 17—
19). We note an apparent left-lateral offset of this scarp
along the (right lateral) Superstition Mountain fault
(fig. 24). The queried bay in the crystalline basement
northeast of the Coyote Creek fault (fig. 24) is inferred
from the existence of a deep sedimentary basin indi-
cated on the traveltime-contour map (fig. 19). The
boundaries inferred along the southwest and northeast
sides of the Salton Sea are based primarily on the prom-
inent geologic boundaries between the crystalline mas-
sifs and Cenozoic sedimentary rocks. Data from one well
control the boundary on the southwest side, but granitic

basement could exist at depth beneath the Salton Sea.
The boundary inferred on East Mesa is placed along the
northwestern section of the East Highline Canal seis-
micity lineament and along the Sand Hills fault(?);
these features are southward projections of the trend of
the San Andreas fault. The shorelines of ancient Lake
Cahuilla (see fig. 16) correspond in most places with the
boundaries of crystalline crust on the map (fig. 24).
These shorelines may reflect the boundaries of a region
that is sinking owing to combined rifting and sediment
compaction.

The major northwest-trending structural features on
the map (fig. 24) include, from southwest to northeast:
the Elsinore fault zone; the San Jacinto fault zone,
which includes the Coyote Creek, Superstition
Mountain, and Superstition Hills faults; the Imperial
fault; the Brawley seismic zone, bounded at its south
end by the northern section of the Imperial fault and the
Brawley fault zone; the San Andreas fault; the East
Highline Canal seismicity lineament; and the Sand
Hills and Algodones faults(?). Subtler northeast-trend-
ing features include buried scarps on West Mesa and
strong seismicity lineaments within the Brawley seis-
mic zone.

Azimuthal discordances are evident among the
northwest-trending features. The Imperial fault south
of its junction with the Brawley fault zone trends N. 40°
W., in comparison with trends on the Elsinore, San
Jacinto, and San Andreas faults of N. 65° W., N. 45°-70°
W., and N. 45° W., respectively (within area of fig. 24).
Even more striking is the azimuthal discordance of the
Brawley seismic zone, which trends, on the whole, N.
20° W. An angular discordance is also evident among
the subtler northeast-trending features. The buried
scarps on West Mesa trend N. 40° E., whereas the strong
seismicity lineaments within the Brawley seismic zone
trend N. 50°-60° E.

The angular discordances among both the northwest-
and northeast-trending structures are associated with
slight differences in the styles of displacement and de-
formation, as determined from geologic evidence and
from modern ground breakage, leveling, and focal
mechanisms. Along the Elsinore, San Jacinto, and San
Andreas faults, uplift, folding, and reverse faulting are
evident in addition to strike-slip. In contrast, no
significant uplift is apparent along the Imperial fault
south of its junction with the Brawley fault zone, and
modern displacement indicates pure strike-slip. At the
ends of the north-northwest-trending Brawley seismic
zone, subsidence or graben formation is indicated both
geologically, in the formation of the Mesquite basin and
the Salton sink (now occupied by the Salton Sea), and
from recent leveling-line surveys (Castle, 1978; Sharp
and Lienkaemper, this volume). In addition, normal
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dip-slip focal mechanisms are indicated under the Sal-
ton Sea (Fuis and Schnapp, 1977) and possibly also in
the Mesquite basin (C. E. Johnson, oral commun.,
1979). As for the northeast-trending structures, refrac-
tion data (fig. 19) indicate horsts and grabens along the
faults striking N. 40° E. on West Mesa, whereas focal
mechanisms indicate largely strike-slip along the seis-
micity lineaments striking N. 50°-60° W. in the Braw-
ley seismic zone.

We can invoke a simple model of average stress di-
rections during the recent geologic past to explain the

116°
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various styles of displacement and deformation along
the different trends. By “recent geologic past” we mean
the time since the formation of the Imperial fault, the
Brawley fault zone, the Brawley seismic zone, and the
uplifts and folds along the Elsinore, San Jacinto, and
San Andreas fault zones. A horizontal tension axis
oriented slightly north of west (N. 85° W.) and a horizon-
tal compression axis oriented slightly east of north (N.
5° E.) in most places would produce pure strike-slip on
the Imperial fault and on the northeast-trending seis-
micity lineaments within the Brawley seismic zone.
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F1GURE 24.— Structure and tectonics of Imperial Valley region. Faults and geothermal areas abbreviated as in figures 16 and 19; LS, Laguna
Salada fault; Sup H, Superstition Hills; Sup M, Superstition Mountain. Long arrows denote dominant recent stress directions inferred from

this map.
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This system would create compressional features across
the Elsinore, San Jacinto, and San Andreas faults. A
local change to a vertical compression axis would induce
some component of graben formation along structures
more nearly perpendicular to the tension axis, such as
the northern section of the Imperial fault, the Brawley
fault zone, certain north-northwest-trending linea-
ments within the Brawley seismic zone, and the north-
northeast-trending structures on West Mesa. Similar
ideas have been proposed by Hill (1978). This simple
model implies that during the recent geologic past the
Imperial fault and the northeast trending lineaments
within the Brawley seismic zone have been, on the aver-
age, more favorably oriented to accommodate movement
by pure strike-slip than have the Elsinore, San Jacinto,
and San Andreas faults. Perhaps the Imperial fault and
the Brawley seismic zone have formed more recently in
virgin rocks—sedimentary and metasedimentary
rocks—in response to a more modern stress direction
than that associated with inception of movement on the
Elsinore, San Jacinto, and San Andreas faults.

If the observed sedimentary (and metasedimentary)
basin was formed by rifting and crustal thinning in the
Imperial Valley region, then either normal dip-slip
faulting or ductile necking of the crust, or a combination
of these processes, must have occurred. Strike-slip fault-
ing, the primary mode of deformation along the south-
ern section of the Imperial fault and along the north-
east-trending seismicity lineaments within the
Brawley seismic zone, can cause only crustal shorten-
ing, not crustal thinning. Therefore, the faults that ap-
pear to be currently involved in rifting and thinning in
the Imperial Valley region consist of: the northern sec-
tion of the Imperial fault, the Brawley fault zone, cer-
tain north-northwest-trending lineaments in the
Brawley seismic zone, and parts of the East Highline
Canal seismicity lineament. In the past, the buried
(fault) scarps on West Mesa may have been involved in
rifting and crustal thinning, but there is no clear
geologic or seismic evidence that these scarps outline
currently active faults.

The structures on the map (fig. 24) are depicted in a
block diagram (fig. 25) in which the sedimentary cover
has been removed to reveal the upper surface of the
basement. In addition, part of the basement east of the
Brawley seismic zone has been cut away to reveal sev-
eral structures in this zone. The postulated boundary
between crystalline and metasedimentary basement is
placed at the east edge of West Mesa. At this boundary
the subbasement must dip beneath West Mesa because
no pronounced gravity scarp is present. This block dia-
gram lends itself to a relatively simple interpretation of
how rifting and crustal thinning might be occurring in

the Imperial Valley region. From a point of reference
somewhere in the Brawley seismic zone, such as Obsi-
dian Butte, we imagine block 1 being pulled away to the
northwest and block 2 to the southeast. Rhombochasms
(see Carey, 1958) and associated normal faults would
form in the Brawley seismic zone, as are currently evi-
dent in the formation of the Mesquite basin and the
Salton sink, at either end of the zone. In addition, duc-
tile thinning of both blocks might occur. Such thinning
could be accomplished, in effect. by numerous small-
scale normal faults. Small-scale faults are, indeed. en-
countered in many wells in the Imperial Valley (Don
Lande, oral commun., 1980). Ductile thinning of block 2
relative to block 1 southeast of the Brawley seismic zone
might explain the buried scarp along the Imperial fault.

The scarp along the Imperial fault deserves some
discussion at this point. If the sediment/basement tran-
sition in the central Imperial Valley is everywhere a
metamorphic-facies change, a scarp could not occur in
this transition zone without a scarp in isotherms, unless
the rock near such a scarp had cooled down and the
facies boundary was no longer an equilibrium feature.
Perhaps the geothermal gradient is relatively high to
the north, in the Brawley seismic zone, in keeping with
the presence in this zone of the Salton Sea, Westmor-
land, and Brawley geothermal areas. Southeastward
from this zone the geothermal gradient may decrease,
and the metamorphic boundary may be out of equilib-
rium as block 2 is pulled to the southeast. Normal fault-
ing and ductile thinning. as described above, could off-
set this boundary to create the observed scarp along the
Imperial fault.

Crustal spreading northwestward from the Brawley
seismic zone would cause left-lateral displacements
along the San Jacinto fault zone, unless another spread-
ing center existed to the southeast to drive the block
southwest of that fault zone faster to the northwest than
the block on the northeast. The Cerro Prieto geothermal
area, 30 km south of the United States-Mexican border
(fig. 26), is certainly a candidate for such a spreading
center, as proposed by Lomnitz and others (1970) and
Elders and others (1972). This geothermal area, which
is characterized by volcanism, geothermal activity, and
high seismicity, lies between the ends of two major
right-stepping strike-slip faults, the Imperial and Cerro
Prieto faults. Seismicity in this area resembles that in
the Brawley seismic zone in showing an overall north-
northwestward trend connecting these two strike-slip
faults, and in showing both normatl dip-slip and strike-
slip focal mechanisms (Albores and others, 1977; Al-
fonso Reyes, oral commun., 1977; Johnson and Hutton,
this volume.)

Lomnitz and others (1970) proposed a plate-tectonic
model for the northern Gulf of California and the Salton
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Trough that explains the basic relations among the | studies (fig. 24), and attempting to correlate specific

major strike-slip faults and potential spreading centers.
In addition, by postulating progressively lower spread-
ing rates to the northwest, Lomnitz and others ex-
plained the numerous active right-lateral strike-slip
faults diverging to the northwest. One consequence of
their model, however, is a complementary set of active
left-lateral strike-slip faults diverging to the southeast,
for which no evidence exists. Elders and others (1972)
pointed out that if these left-lateral faults do not exist,
the spreading centers must be migrating northwest-
ward at rates equivalent to half their total spreading
rates.

In figure 26 we reproduce the model of Elders and
others (1972, fig. 7), adding a stippled pattern to regions
we believe to be underlain by continental igneous and
metamorphic (crystalline) basement, on the basis of our

EXPLANATION
Crystalline basement
Metasedimentary basement
Subbasement

Inferred intrusions or fractures underlying
geothermai traveltime anomalies

J——
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Ficure 25.—Schematic block diagram of Imperial Valley region, with
sedimentary rocks removed and basement cut away along a line
roughly parallel to Brawley seismic zone. Geographic names are
projected downward onto basement for reference. Structures same
as in figure 24: B, Brawley fault zone; BZ, Brawley seismic zone; E,
Elsinore fault; I, Imperial fault; SA, San Andreas fault; SH, Supers-
tition Hills fault; SM, Superstition Mountain fault. Geothermal
areas: B, Brawley; EM, East Mesa; H, Heber; S, Salton Sea; W,

features in the idealized model (fig. 26A4) with specific
geologic structures (fig. 26B). These correlations meet
with varying success. The Imperial and Cerro Prieto
faults can be correlated straightforwardly with
transform faults. The Brawley seismic zone, Cerro
Prieto geothermal area, and Wagner basin appear to be
spreading centers, but all three of these features trend
north-northwest or north-south rather than northeast,
if seismicity or topography is used to define them (see
Johnson and Hutton, this volume, for a description of
the seismicity of the Brawley seismic zone and Cerro
Prieto geothermal area; and Fisher and others, 1964, for
submarine topography of the Wagner basin). In this
respect, all three spreading centers resemble “leaky”
transform faults, as depicted in Hill (1977), or rhom-
bochasms (compare with Carey, 1958). Fracture zones

Westmorland. Shaded arrows indicate dominant tension and com-
pression directions for recent geologic past. Blocks 1 and 2 are
moving away from Brawley seismic zone, and inferred spreading
center, in direction parallel to southern section of Imperial fault
shown. Rhombochasms, or pullapart holes, are forming at Mesquite
basin and Salton sink, which is presently occupied by Salton Sea. In
addition, ductile thinning of both blocks may be occurring as they
move away from Brawley seismic zone.
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in the idealized model (fig. 26A4) appear much more
complex in the real picture (fig. 26B). The San Jacinto
fault zone alines roughly with the Imperial fault, and its
seismicity appears to merge with that of the Imperial
fault (see Fuis and others, 1978; Fuis and Allen, 1979;
Johnson and Hutton, this volume). Similarly, the Elsi-

nore fault zone appears to aline roughly with the Cerro
Prieto fault by way of a suture between crystalline and
metasedimentary basement that we have inferred (fig.
24). There is some evidence for a weak seismic zone
along this suture connecting the spotty seismicity along
the Elsinore fault zone with seismicity on the Cerro

EXPLANATION
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FIGURE 26.—Plate-tectonic model and map of northern Gulf of California and Salton Trough, modified from Elders and others (1972, fig. 7).
Idealized model (A) of sketch map (B) illustrates interrelations of major spreading centers: Brawley seismic zone (BZ), Cerro Prieto
geothermal area (CP), and Wagner basin (W); major transform faults: San Andreas fault (SA), Imperial fault (I), Cerro Prieto fault (CPF),
and major fracture zones or sutures: San Jacinto fault zone (SJ), Elsinore fault (E), and East Highline Canal seismicity lineament (EH).
Note that Laguna Salada fault (LS), which appears to be the seismically most active extension of Elsinore fault southeastward. does not
appear to connect with any known transform fault. Such departures from idealized model (A) may reflect influence of North American
Continent, with its preexisting weaknesses, on oceanic plate tectonics. X’s denote fracture zones or sutures that are inactive in indicated
left-lateral sense. East Highline Canal seismicity lineament appears to be associated with normal dip-slip motions (fig. 24); there is
currently no seismic or geologic evidence for existence of other two proposed sutures. Inactivity along sutures on east side of Gulf of
California and Salton Trough requires that spreading centers migrate northwestward from block 2 at their spreading half-rates. We

assume that these half-rates decrease northwestward: V,<V,<V .
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Prieto fault (see Fuis and others, 1978; Fuis and Allen,
1979; Johnson and Hutton, this volume). The Laguna
Salada fault, however, which appears to be the seismi-
cally most active extension of the Elsinore fault zone
into Mexico (see Fuis and others, 1977), cannot be
clearly correlated with any fracture zone or suture in
the idealized model (fig. 264). We surmise that such
departures from this model, which is based largely on
observations from oceanic plate tectonics, reflect inter-
ference by the continental mass of North America,
which has different mechanical properties from oceanic
crust and preexisting weaknesses that might be readily
utilized for fracture zones. Perhaps this continental in-
terference also is responsible for the angular discord-
ances noted above.

On the basis of this sketch map (fig. 26B), the inferred
crystalline-crustal boundary along the east side of West
Mesa appears to have been rifted northward from Cerro
Prieto, adistance of more than 60 km. If the Cerro Prieto
geothermal area was formed when Baja California was
rifted from the North American Continent 4.5 m.y. B.P.
(Larson and others, 1968), we calculate a spreading
half-rate of about 1.3 cm/yr, considerably lower than the
2.75-cm/yr half-rate for the movement of North
America past the Pacific plate (Atwater and Molnar,
1973). We might explain this discrepancy in either of at
least two ways. First. uneven crustal spreading, as dis-
cussed above, is occurring: the Wagner basin and other
spreading centers to the south are spreading faster than
the Cerro Prieto geothermal area, and the differential
motion is being accommodated along the Elsinore and
other faults to the south. Second, the Cerro Prieto
geothermal area may be younger than the opening of
the Gulf of California.

The inferred boundary of crystalline crust northwest
of the Brawley seismic zone is ragged as drawn; the
pattern is not simple, as appears to be the case north-
west of the Cerro Prieto geothermal area. Perhaps we
have drawn the boundary incorrectly along the west
side of the Salton Sea and the Coachella Valley, as well
as along the San Andreas fault, where it is queried. If
these boundaries are correct, however, the Brawley
seismic zone apparently has operated in two sections: a
northern section that rifted away the crystalline base-
ment of the Salton Sea and the Coachella Valley, be-
tween the San Andreas fault and a now-dead fracture
zone along the west side of the Coachella Valley; and a
younger, southern section that rifted the Superstition
Mountain block northwestward.

We note that the Superstition Mountain block ap-
pears to have moved approximately 25 km from the
southern section of the Brawley seismic zone, or the
Mesquite basin area (fig. 24), creating an apparent left-
lateral offset across the (right lateral) Superstition

Mountain fault. Because this movement is smaller than
the postulated movement (60 km) of the adjacent block
on the southwest, we infer that the southern section of
the Brawley seismic zone is either younger or is spread-
ing more slowly than the Cerro Prieto geothermal area.
We note further that if the Superstition Mountain block
moved 25 km northwest from the Mesquite basin area,
there must be a symmetrical counterpart 25 km south-
east of the Mesquite basin, near shotpoint 6, unless
spreading is asymmetric. If such were the case, the
crystalline-crustal boundary in the East Mesa area
should be drawn through the vicinity of shotpoint 6,
presumably along the east shoreline of ancient Lake
Cahuilla, instead of along the Sand Hills fault(?) as
shown (figs. 24, 26). Further analysis of our data in the
East Mesa area and probably additional refraction work
in this area will be necessary to resolve this question.
The apparent embayment in the crystalline-basement
distribution northwest of the Superstition Mountain
block is not explainable in simple terms. Further work
in this area will be necessary to document this feature.

SUMMARY

In summary, we have modeled five seismic-refraction
profiles, contoured reduced traveltimes from our most
widely recorded shotpoint, and modeled a gravity profile
across the Salton Trough, using new crustal informa-
tion. Our chief result is an integrated picture of the
crustal structure of the Imperial Valley region that,
though not unique, is consistent not only with refraction
and gravity data but also with the geology and known
tectonics of the region. The major elements of this pic-
ture include:

1. A trough of unmetamorphosed sedimentary rocks
centered on the axis of the Salton Trough, with
depths ranging from 3.7 km along the southwest
shore of the Salton Sea to 4.8 km at the United
States-Mexican border.

2. Twotypesof basement: one, with a velocity of 5.9-6.0
km/s at its top, on West Mesa; and the other, with a
velocity of 5.65 km/s at its top, in the central Impe-
rial Valley. We interpret the first type to be conti-
nental igneous and metamorphic (crystalline) rock,
and the second to be metasedimentary rock. Onset
of lower greenschist-facies metamorphism is ex-
pected at the calculated depths to the transition
zone in the central valley, 1 km above the base-
ment. According to this interpretation, the total
thickness of the sedimentary section—unmeta-
morphosed and metamorphosed—in the central
valley is 10 to 16 km. This interpretation explains
the absence of any observed reflection from the
sediment/basement interface in the center of the
valley and also why deep (4 km) wells in the valley
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penetrate only the upper part of the known
Cenozoic section in this region.

3. A subbasement, with a velocity of 7.2 km/s near its
top and a likely composition ranging from diabase
at the top to gabbro farther down, at depths ranging
from 16 km in the Salton Sea to 10 km at the United
States-Mexican border. Gravity modeling indicates
that this subbasement must be confined largely to
the central Imperial Valley and that it compensates
gravitationally for the great thickness of overlying
metamorphosed and unmetamorphosed sedimen-
tary rocks.

. A buried basement scarp as high as 3 km along the
east side of West Mesa. We interpret this scarp to be
the suture, or rift boundary, between the crystal-
line and metasedimentary basements. A similar
structure must exist near East Mesa, but it cannot
be precisely located from our data.

. A buried basement scarp along the Imperial fault.
This scarp, dipping steeply northeast, increases in
height from 0 km at the north end of the fault to 1
km at a location 12 km southeast of El Centro,
Calif.

6. Steep scarps along some major mapped faults and
along some structures not visible at the surface,
revealed by a contour map of reduced traveltimes.

. A good correlation between known geothermal-
resource areas with reservoir temperatures higher
than 150°C and subtle patches of relatively early
arrivals in the central Imperial Valley, revealed on
the contour map of reduced traveltimes. These
patches of early arrivals are roughly linear, approx-
imately 15 km long, and trend northeast.

. Angular discordances among both northwest- and
northeast-trending faults that, along with corre-
sponding differences in the styles of displacement
and deformation across the faults, point to an aver-
age stress orientation during the recent geologic
past—since formation of the Imperial fault and the
Brawley seismic zone—in which the tension axis is
horizontal (N. 85° W.) and the compression axis is
largely horizontal (N. 5° E.). The southern section
of the Imperial fault and many structures within
the Brawley seismic zone are adjusted in this stress
field to deform by pure strike-slip, whereas other
faults must accommodate these stresses by a com-
bination of strike-slip and folding (the San An-
dreas, San Jacinto, and Elsinore faults) or by a
combination of strike-slip and normal dip-slip (the
northern section of the Imperial fault, the Brawley
fault zone, and the buried faults on West Mesa).

9. A map of the distribution of continental crystalline

basement in the Salton Trough that permits us to
carry the existing tectonic model for the region a bit
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farther. In particular, it appears that a basement
boundary on the east side of West Mesa has moved
more than 60 km northwestward from the Cerro
Prieto geothermal area, a spreading center.
Likewise, a block underlying Superstition
Mountain may have moved about 25 km from the
south end of the Brawley seismic zone, another
spreading center. These blocks are separated by the
Superstition Mountain fault, part of the San
Jacinto fault zone, which appears to be a fracture-
zone extension of the Imperial fault. Differing
spreading rates between the Brawley seismic zone
and the Cerro Prieto geothermal area are taken up
by movement on faults in this fracture zone.
Likewise, the Elsinore fault zone appears to be a
fracture-zone extension of the Cerro Prieto fault;
however, the Laguna Salada fault appears to be its
most active extension to the southeast, complicat-
ing the tectonic picture. Perhaps the influence of
the North American Continent, with its preexist-
ing weaknesses, on oceanic plate tectonics is re-
sponsible for such complications.

If basement in the Imperial Valley is metamorphosed
sedimentary rocks and if the subbasement is intrusive
basaltic rocks, as we have inferred, then the Imperial
Valley is one location where we can study the genera-
tion of new continental crust. As old continental crust is
rifted and rhombochasms are created, basaltic magma
is intruded to fill the rhombochasms from below, form-
ing an intermediate crustal layer, and sediment is de-
posited to fill the rhombochasms from above. Rifting
and intrusion generates high heat flow and induces
metamorphism of the sedimentary rocks at relatively
shallow depths, consolidating the section into new con-
tinental crust.
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ABSTRACT

We obtained a main-shock epicenter of lat 32°38.61' N., long
115°18.53" W., using combined U.S. and Mexican network and
strong-motion data. A total of 31 P-wave and 4 S-wave arrival times
within 30 km permit considerable confidence in a calculated focal
depth of 10.0 km. We also determined a local magnitude of 6.6 on the
basis of 14 amplitudes from torsion seismometers.

INTRODUCTION

The October 15, 1979, Imperial (Mexicali) Valley
earthquake (M, =6.6) occurred near several permanent
seismic networks in the United States and Mexico. Be-
cause the epicenter lay outside the individual arrays,
initial locations calculated using the data from any
single group of stations were inaccurate. By pooling the
arrival times from all networks, however, we have ob-
tained almost complete azimuthal coverage and a reli-
able hypocentral solution.

DATA

In selecting the arrival-time data, we restricted our-
selves to stations within 75 km of the probable epi-
center. Most times are from 22 stations in the Imperial
Valley seismic network, operated jointly by the U.S.
Geological Survey {USGS) and the California Institute
of Technology (CIT). These stations, as well as two ad-
ditional strong-motion stations (Porcella and Matthies-
en, 1979), are all within the United States. South of the
epicenter, in Mexico, times were available from 10 sta-
tions in two permanent seismic networks; these stations
include 5 of the Red Sismologica de Cerro Prieto (RE-
SCEP), operated by the Centro de Investigacion Cien-
tifica y Educacién Superior de Ensenada (CICESE), and
five strong-motion instruments installed by the Univer-
sidad Nacional Auténoma de México (UNAM) and the
University of California, San Diego (UCSD). The sta-
tion coordinates and arrival times are listed in table 3.
and their positions are shown on the map (fig. 27).

The CEDAR and RESCEP arrays are both short-
period telemetry systems with radio WWVB time cod-
ing; arrival times at these stations were read with a
precision of +0.02 and +0.10 s, respectively. The
strong-motion instruments are film recorders with
WWVB time coding that allow arrival times to be
picked with an accuracy of +0.10 s. The UNAM/UCSD
strong-motion stations (with the exception of station
SAHOP, fig. 27) record digitally on magnetic tape with
timing by an internal clock. Time corrections for as-
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TABLE 3.—Stations used in locating the main shock

[Arrival times in seconds after 2316 G.m.t. Residuals were calculated using model in table 4 and solution given in text]

Station Epicentral P-arrival time 1 S-arrival time 2
distance Correction . -
Name Code (km) Lat N. Long W. (s) Observed Residual Observed Residual Network

Islas Agrarias ______.____ 2.6 32°37.25' 115°18.07’ 56.88 +0.10 58.58 -0.15 UNA{VI/UCSD strong
motion

Bond'sCorner ___.____ 6.1 32°41.58' 115°20.28' I 57.01 -0.07 59.51 +0.24 USGS strong motion

Bond's Corner _____ 6.8 32°41.67' 115°16.11' R 56.97 -0.19 e EDA

SAHOP, Mexicah __ 10.8 32°37.20' 115°25.20" I 2.70 14004 UNAM/UCSD strong
motion

Calexico Fire Station. _________ 5053 17.2 32°40.20' 115°29.40" R 58.77 +0.11 61.86 -0.21 USGS strong motion

Chihughua _______________ __CH 19.0 32°29.00'  115°14.20° - 59.32 240.41 61.52 -1.00 UNA{YI/UCSD strong
motion

Cerro Prieto ________________ 24.2 32°25.52' 115°18.34" —0.80 58.84 0.00

Tlaxcala - _________ 24.3 32°28.39 115°08.71" N 59.54 -0.12

Brock's Farm .. 26.4 32°43.49' 115°02.64’ I 59.87 -0.08

Schaffner Ranch - __ 27.0 32°51.71° 115°26.21" I 60.04 +0.01

Schaffner Ranch _____._ | 27.0 32°51.71' 115°26.21° I 60.05 +0.02

Neuvo Leon ________ 28.7 32°23.91" 115°12.66" E— 60.20 -0.06

Coachella ___________ 30.0 3251.81' 115°07.36" - 60.45 +0.01 DAR

Delta ______ . .. 33.6 32°21.37' 115°11.70" R 61.39 2+0.44 __UNAM/UCSD strong
motion

Veracruz _____________ I VER 36.7 32°21.67' 115°06.32" o 61.60 +0.23 . _._RESCEP

Cucapah________________ .- QKP 37.6 32°18.30" 115"19.92 -0.80 60.50 -0.20

Ingram Ranch ______ - 38.2 32°59.30 115718.61' - 61.60 +0.01

Signal Mountain _______ 39.1 32°38.95" 115°43.52' -0.80 60.81 -0.10

Sonora ______ . _____ 41.3 32°17.50" 115°09.83' I 62.30 +0.28

Cook Ranch ________ R 45.4 32°50.95 115°43.61" [ 62.40 —-0.18

Wiest Lake [ 48.3 33°03.08" 115°29.44’ S 63.18 +0.19

Westmorland ________ 50.6 33°00.91' 115°37.35° — 63.49 +0.18

Pilot Knob__ ____ 55.2 32°43.87" 114°43.76’ —-0.80 63.65 +0.51

Amos ___ . 55.5 33°08.48 115°15.25" R 63.62 -0.36

Calipatria 58.8 33°08.45 115°31.64' I 64.54 +0.09

Superstition Mountain 59.4 32°57.31 115°49.43 R 63.99 +0.27

New River_____.________ 61.2 33°05.43" 115°41.54’ __ 64.81 +0.03

Obsidian Butte _______ 65.7 33°10.04 115°38.20" -0.80 64.53 -0.07

Carrizo Mountain 67.4 32°53.20 115°58.10" —0.80 65.29 +0.45

Yuma Desert ________________ YMD 72.4 32°33.28' 114°32.68’ R 66.14 -0.19

Chocolate Mountains________ __ CH2 72.4 33°17.77 115°20.17" R 66.15 -0.19

Elmore Ranch 73.8 33°08.48 115°49.95 — 66.62 +0.09

ister ______ .. ___ 75.0 33°16.56' 115°35.58" - 66.49 -0.21
Tkopah ______ 75.1 32°38.90 116°06.50" —-0.80 66.39 +0.49
1S —P time.

2Time was not used 1n calculations.

sumed linear clock drift over an average period of 1
week were approximately 2 s at each site. Arrival times
were read with a precision of £0.04 s. The strong-motion
instrument at station SAHOP is a film recorder with no
absolute timing; the S—P time at station SAHOP is
within =0.10 s.

LOCATION PROCEDURE

We calculated the hypocenter and origin time using
the HYPO71 computer program of Lee and Lahr (1975)
with a velocity model from Mooney and McMechan (this
volume) given in table 4. Several velocity models were
tested, in each of which the resulting solution did not
vary by more than a few hundred meters. We selected
Mooney and McMechan’s model because it gave the
smallest traveltime residuals. Because their model in-
cludes a sedimentary cover, a correction of —0.80 s had
to be applied to the times for all stations situated on
bedrock; this value is the average traveltime residual at
the bedrock sites, as calculated for a preliminary hypo-
central location.

Arrival times at stations within 40 km of the epi-
center were assigned distance weights of 1, and farther

stations were assigned progressively lesser weights
such that at 80 km the distance weight was 0. Standard
Jeffreys’ weighting of residuals was also applied.

The arrivals at strong-motion stations CH and DT
(fig. 27) are inconsistent with the times at the surround-
ing stations, possibly owing to errors in the time correc-
tion, and so we did not use the data from these stations
in our calculations. In all, a total of 31 P-wave arrivals,
4 S-wave arrivals (from the strong-motion records), and
1 S—P time were used.

TaBLE 4.—Velocity model used in this study

[Model from Mooney and McMechan (this volume). Velocities were computed
assuming a V,./V, ratio of 1.78]

Depth to top of layer (km) Compressional-wave velocity (km/s)

2.00
2.40
2.80
3.45
4.10
4.75
5.45
5.80
6.75
7.05
7.20
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The best solution obtained has an origin time of
2316:54.29 G.m.t. October 15, 1979, and a hypocentral”
location of lat 38°38.61' N., long 115°18.53" W, at a
depth of 9.96 km (errors are +0.4 km horizontal, 0.2
km vertical). The traveltime residuals for this location
are listed in table 3.

MAGNITUDE DETERMINATION

Magnitude (M, ) estimates for the main shock were
determined using all available torsion seismometers in
the southern California seismic network (table 5). The
2,800x instruments at station CWC are standard
Wood-Anderson torsion seismometers recording photo-

graphically, and those at station ISA are telemetered
with an electronically simulated Wood-Anderson re-
sponse. All others (100x and 4x) are recorded photo-
graphically on film. Individual estimates of magnitude
range from 6.2 to 7.1; both the mean and median mag-
nitudes, however, are 6.6, a value that appears to be
constrained to within =0.1.

DISCUSSION

The main-shock epicenter was located 3 km south of
the United States-Mexican border and approximately
10 km east of Mexicali, Mexico. This solution is well
constrained by the broad azimuthal coverage (283°) and

33;30, 1 1(:;“00' 3I0' 11;3"00' 114°30"
SALTON SEA
Awis Ac?
4A0ps
A
ELR cu ApNs
Anw2
Ak
3300 |— A wmL _
a - A NG
SUP Brawley
A CRR Acoa
PLT
ABSC — _A,
_———— /
/
Akp  NITEDSTATES _
L e MEXICO
30"~
0 25 50 KILOMETERS

3200 L |

FiGURE 27.—Main-shock epicenter and seismic-network and strong-motion stations within 75 km.
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TABLE 5.—Individual station estimates and epicentral distances used
in calculating local magnitude (M)

Epicentral Magnitude
distance
Station tkm) Raw Corrected
2,800 torsions
CWCN _ 494 6.6 6.6
CWCE __ ______ 494 6.8 6.8
ISAN _____ ____ 445 6.1 6.3
ISAE . __ 445 6.2 6.4
100 % torsions
CWCN __ ______ _ 494 6.9 6.9
CWCE _______ __ 494 6.9 6.9
SBCN ____________ 445 7.2 7.1
SBCE ___________ _ 445 7.1 7.0
PASN__ . __ 315 6.8 6.9
PASE . __ 315 6.5 6.6
RVRN____  ______ 244 6.1 6.2
RVRE_ __________ 244 6.1 6.2
4 torsions

PASN ____________ 315 6.4 6.5
RVRN. __ _ ____ 244 6.3 6.4

Median = _____ ____ I 6.6

Mean ... 6.63+0.08

by the data from three stations (AG, BON, 5054, fig. 27)
that are within 7 km of the epicenter.

The 9.96-km depth we obtained is slightly greater
than the 6- to 8-km average depth for Imperial Valley
earthquakes (Johnson, 1979). The significance, if any, of
this depth is not yet understood. This greater depth
might explain, however, the fact that although the epi-
center was in Mexico, the only surface rupture observed
was north of the border.
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ABSTRACT

The seismic moment of the 1979 Imperial Valley earthquake is
determined to be 6 x 10" N -m (that is, M, =6.5) from long-period Love
and Rayleigh waves. The ratio of local magnitude M, to M, for the
event is 1.02, significantly larger than the value 0.90 for the 1940
Imperial Valley earthquake.

INTRODUCTION

Long-period surface waves (R,, G,, and G;) generated
by the 1979 Imperial Valley earthquake were recorded
by the ultra-long-period seismographs at Pasadena and
Berkeley, Calif. Here we present these data, determine
the seismic moment, and compare this event with the
1940 Imperial Valley earthquake. Table 6 lists the loca-
tion data for both stations.

Long-period (about 120 s) Rayleigh waves (R,) were
recorded with a peak-to-peak amplitude of 0.27 mm by
the Pasadena (station PAS) ultra-long-period vertical
seismograph (maximum magnification, 28x at T=150
s). Longer period (about 200 s) wave trains correspond-
ing to the Airy phase (group velocity, 3.55 km/s) fol-
lowed this wave train with a smaller amplitude (fig. 28).

TABLE 6.—Data on ultra-long-period seismog-aph stations

Epicentral
Station istance Azimuth Backazimuth
A bx &
PAS (Pasadena) ______________ 2.82° 303° 122°
BKS (Berkeley) ______________ 7.70° 315° 131°

IContribution No. 3367, Division of Geological and Planetary Sciences, California Institute
of Technology, Pasadena, CA 91125.

G waves (G, and G;) were recorded by an ultra-long-
period seismograph (NE-SW component) at Berkeley
(station BKS) with peak-to-peak amplitudes of 10.5 and
7 mm, respectively (fig. 29). This seismograph has a
peak magnification of 500X at a period of 100 s. Because
the backazimuth at station BKS is S. 49° E., this compo-
nent is almost transverse to the path and represents the
SH component.

INTERPRETATION

We compared these seismograms with synthetic
seismograms (figs. 28, 29) computed according to the
method of Kanamori and Cipar (1974). The fault
geometry was assumed to be vertical right-lateral
strike-slip with a strike of N. 37° W. that coincides with
the overall strike of the Imperial fault. For computing
the synthetics, we used fundamental spheroidal and
torsional modes with order numbers of from 2 to 100

A=2.82° =303

domaden -

'r?“f)om G.m.t.

ISmm R, vu:s.ss km/s
01 2 3MINUTES

e 03700™ G.m.ty
Aftershock

] Obserlved ~

Synthetic M,=6x10"® N-m

FicURE 28.—Ultra-long-petiod record of Rayleigh waves (R,) regis-
tered by station Pasadena (PAS) seismograph 33; UD denotes verti-
cal component. Synthetic seismogram computed for seismic mo-
ment (M,) of 6x10'® N -m is presented for comparison. A, epicentral
distanee; ¢, backazimuth; U, group veloeity.

BKS ULP
M=6x10"® N-m
01"'43'“
Observed -’\N\/\/V\——\_/\_—_-———
Synthetic —-——\/\/\_,—_/\/\————
4

0 1 2 3MINUTES
01"41m31* | S S E—

N.45°E. A=7.7° ¢:=314.7°

G2 G, I 1cm

F1cURE 29.—Record of long-period Loves waves (G, and G ) registered
by station Berkeley (BKS) ultra-long-period (ULP) seismograph.
Synthetic seismogram computed for a seismic moment (M,) of
6x10'8 N-m is presented for comparison. A, epicentral distance; é.,
backazimuth.
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computed for Earth model 5.08 M (Kanamori, 1970;
Press, 1970). A point source was placed at a depth of 33
km. For vertical strike-slip, the excitation of long-
period (100-300 s) surface waves does not vary
significantly for a depth range of 0-50 km.

For the purpose of the present analysis, the choices of
the Earth model and the depth are not critical. We
obtain a seismic moment of 610" N-m from compari-
son of the amplitude of the G, wave at station BKS.
From the amplitude of the Rayleigh wave (R,) at station
PAS, we obtain a seismic moment of 5x10'* N-m. The
azimuth of station BKS is in the loop direction (direction
of maximum amplitude) of the G-wave radiation pat-
tern for the assumed fault geometry (fig. 30), and so a
small change in the strike direction of the fault results
in an insignificant difference in the amplitude of the
synthetic seismogram. On the other hand, station PAS
is close to the nodal direction of the Rayleigh-wave
radiation pattern, and so a small change in the fault
geometry would significantly change our estimate of the
seismic moment. For instance, a change in the fault
strike of =3° would change the seismic moment by about
30 percent. Thus, we prefer the value of 6x10' N'm
obtained from the station BKS record to that of 5x10*
N-m obtained from the station PAS record. The reason-
ably good agreement between these two estimates,

North

Strike of
Imperial fault

il
-

West

Epicenter

Ficure 30.—Amplitude-radiation patterns of long-period Love (G)
and Rayleigh (R) waves for a vertical strike-slip fault whose strike
coincides with that of Imperial fault. Arrows indicate azimuths of
seismograph stations PAS and BKS.

however, suggests that the assumed fault geometry is a
good approximation.

The assumed fault geometry (fig. 30) places station
BKS almost in the nodal direction of the Rayleigh-wave
radiation pattern, as substantiated by the absence of
long-period (200 s) Rayleigh waves on the vertical com-
ponent of the ultra-long-period seismogram from this
station (not shown).

COMPARISON OF 1940 AND 1979 IMPERIAL
VALLEY EARTHQUAKES

The seismic moment of the 1940 Imperial Valley
earthquake has not been determined directly from
long-period surface waves. On the basis of geodetic data
and the amount of surface breaks, Byerly and DeNoyer
(1958), Kasahara (1958), and Brune and Allen (1967)
estimated the fault length, fault width, and amount of
slip on the fault for the 1940 event. Kanamori and
Anderson (1975) averaged these results and estimated a
seismic moment of 56 x 10" N -m, almost 10 times larger
than that for the 1979 event. Converting the seismic
moment to moment magnitude (M,,) (Kanamori, 1977),
we calculate M,=6.5 and 7.1 for the 1979 and 1940
events, respectively. The surface-wave magnitude (M)
of 7.1 for the 1940 event (Gutenberg and Richter, 1949)
agrees with this value of M,,.

The local magnitude (M,) for the 1940 earthquake
ranges from 6.3 to 6.5 (see Kanamori and Jennings,
1978). For the 1979 event, the average value of M,
obtained from the California Institute of Technology
network is 6.6. These values can be used to compare the
characteristics of the 1940 and 1979 events. Figure 31
plots M, against M, (or M,,) for major California events
and for the 1976 Guatemala earthquake; the data points
define a range of M, at a given M, for California earth-
quakes. Two important features are (1) the M, scale
appears to saturate at 7%, and (2) for a given M; the
range of M, is about 0.5. Because M, represents the size
of an earthquake at high frequencies, events that plot
near the upper edge of the band are more likely to cause
stronger ground shaking than events with the same M,
that plot near the lower edge of the band. We note that
the 1940 and 1979 Imperial Valley earthquakes seem to
represent the two extremes of California events. Be-
cause practically all M, values have been determined
from the data obtained at stations to the north of the
epicenter, this contrast may be due to rupture propaga-
tion rather than to any intrinsic difference in the two
events. Nevertheless, it is significant that two earth-
quakesoriginating from approximately the same source
region could have such different spectral characteris-
tics.
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DISCUSSION AND CONCLUSIONS

The seismic moment (M;) of 6x10'® N -m obtained for
the 1979 event indicates that the average slip (offset) at
depth was approximately 57 cm. This estimate assumes
a fault length of 35 km, a fault width of 10 km, and
rigidity of 30 GPa. The average surface displacement
observed over a 35-km section of the Imperial fault was
about 20 cm about 1 day after the earthquake; although
this displacement nearly doubled during the sub-
sequent 10-day period (K. E. Sieh, oral commun., 1979),
it is still considerably smaller than the amount of slip
inferred from the seismic data. The surface break pro-
bably represents a delayed anelastic response of the
sedimentary and soil layers to slip at depth. If this
interpretation is correct, we expect that the surface
break will eventually equal the slip at depth (57 cm).

The nearly tenfold difference in the magnitude of the
seismic moment between the 1940 and 1979 events sug-
gests that the overall fault displacement of the 1979
event is only a small perturbation in comparison with
that of the 1940 event. Nevertheless, in terms of the
ratio of M, to M (or M,,), the 1979 event appears to be
unusually significant because it contained so much
high-frequency energy (at least for paths to the north)
for its relatively small overall size, as measured by M,,.

’ [ T |
:] unad —
Kern County
4 | |
s X —
Borrego Mountain San
Imperial Valley Francisco
(1979)
Long Beach Guatemala
Imperial Valley
(1940)
6— San Fernando
Parkfield
5 6 7 8 9

M, or M,,

Ficure 31.—Local magnitude (M.) as a function of surface-wave
magnitude (M,) or moment magnitude (M} for California earth-
quakes and 1976 Guatemala earthquake (modified from Kanamori,
1979). Diagonal line represents M, equivalent to M; band of verti-
cal lines defines range of M, at a given M, for California earth-
quakes.
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Note added.—After our data were finalized, long-
period seismograms from International Deployment of
Accelerometers (IDA) stations (Agnew and others,
1976) became available to us by the courtesy of the IDA
project team at the University of California, San Diego.
To check the result reported in this chapter, we
analyzed 14 Rayleigh-wave phases from 7 IDA stations
and obtained the source parameters, according to the
method of Kanamori and Given (1981). We constrained
the mechanism to be either pure vertical strike-slip or
45° pure dip-slip, and obtained the following solution:

____________ Strike-slip
__________ N. 34° W. (right lateral)
______ 7x10'® N'm at a period of
200 to 250 s, with a slight
indication of increasing
moment at longer periods
(assuming a point source
at a depth of 9.75 km).

Fault type
Fault strike
Seismic moment

This result agrees well with that reported in this chap-
ter.

REFERENCES CITED

Agnew, D. C., Berger, Jonathan, Buland, R. P., Farrell, W. E., and
Gilbert, Freeman, 1976, International Deployment of Ac-
celerometers: A network for very long period seismology: Eos
(American Geophysical Union Transactions), v. 57, no. 4,
p. 180-188.

Brune, J.N., and Allen, C.R., 1967, A low-stress-drop, low-
magnitude earthquake with surface faulting: The Imperial,
California, earthquake of March 4, 1966: Seismological Society of
America Bulletin, v. 57, no. 3, p. 501-514.

Byerly, Perry, and DeNoyer, John, 1958, Energy in earthquakes as
computed from geodetic observations, in Benioff, Hugo, Ewing,
Maurice, Howell, B. F., Jr., and Press, Frank, eds., Contributions
in geophysics in honor of Beno Gutenberg: New York, Pergamon,
p. 17-35.

Gutenberg, Beno, and Richter, C. F., 1949, Seismicity of the Earth and
associated phenomena: Princeton, N.J., Princeton University
Press, 273 p.



58 THE IMPERIAL VALLEY, CALIFORNIA, EARTHQUAKE OF OCTOBER 15, 1979

Kanamori, Hiroo, 1970, Velocity and @ of mantle waves: Physics of
the Earth and Planetary Interiors, v. 2, no. 4, p. 259-275.
1977, The energy release in great earthquakes: Journal of

Geophysical Research. v. 82, no. 20, p. 2981-2987.

1979, A semi-empirical approach to prediction of long-period
ground motions from great earthquakes: Seismological Society of
America Bulletin, v. 69, no. 6, p. 1645-1670.

Kanamori, Hiroo, and Anderson, D. L., 1975, Theoretical basis of
some empirical relations in seismology: Seismological Society in
America Bulletin, v. 65, no. 5, p. 1073-1095.

Kanamori, Hiroo, and Cipar, J.J., 1974, Focal process of the great
Chilean earthquake May 22, 1960: Physics of the Earth and
Planetary Interiors, v. 9, no. 2, p. 128-136.

Kanamori, Hiroo, and Given, J. W., 1981, Use of long-period surface
waves for rapid determination of earthquake-source parameters:
Physics of the Earth and Planetary Interiors, v. 27, no. 1, p. 8-31.

Kanamori, Hiroo, and Jennings, P. C., 1978, Determination of local
magnitude, M,, from strong-motion accelerograms: Seismologi-
cal Society of America Bulletin, v. 68, no. 2, p. 471-485.

Kasahara, Keichi, 1958, Physical conditions of earthquake faults as
deduced from geodetic data: University of Tokyo, Earthquake
Research Institute Bulletin, v. 36, no. 4, p. 455-465.

Press, Frank, 1970, Earth models consistent with geophysical data, in
Ringwood, A. E., and Green, D. H., eds., Phase transformations
and the Earth’s interior: Physics of the Earth and Planetary
Interiors, v. 3 (special volume), p. 3-22.



AFTERSHOCKS AND PREEARTHQUAKE SEISMICITY"

By CARL E. JOHNSON,
U.S. GEOLOGICAL SURVEY;

and

L. K. Hurron,
CALIFORNIA INSTITUTE OF TECHNOLOGY

CONTENTS

Page
Abstract _______ o _________ 59
Introduction _.____________ 59
Analysis . _________ S 59
Aftershock distribution ____ ________________ _____________ 60
Historical perspective _________________________ . ___ 63
Preearthquake seismicity — .____._______ 69
Conclusions ... _____ 73
Acknowledgments __________ e 73
References cited _ _ __________ e 76

ABSTRACT

Although primary surface faulting was mapped for nearly 30 km,
aftershocks extended in a complex pattern more than 100 km along
the trend of the Imperial fault. A first-motion focal mechanism for the
main shock is consistent with right-lateral motion on a vertical fault
striking N. 42° W, in agreement with the strike of the Imperial fault
within the limits of resolution. There is evidence that conjugate fault-
ing ona buried complementary northeast-trending structure occurred
at the north limit of displacement on the Imperial fault near Brawley.
Calif. This faulting was apparently initiated at the time of a mag-
nitude 5.8 aftershock 8 hours after the main shock. A line of epicenters
extending along the trend of the San Andreas fault nearly 100 km into
the eastern Imperial Valley was noted during the aftershock se-
quence, in an area recognized as notably aseismic during the preced-
ing 5 years. The main shock was preceded by a 3-month period of
significantly reduced seismicity affecting the central Imperial Valley.
Although three small events near the incipient epicenter during this
interval may be deemed foreshocks, no distinct foreshocks im-
mediately before the main shock were observed.

INTRODUCTION

The Imperial Valley earthquake of October 15, 1979,
was the largest in California since the installation of
dense seismic networks and thus provides a unique op-
portunity for studying both the aftershocks and prior

!Contribution No. 3459, Division of Geological and Planetary Sciences, California Institute
of Technology, Pasadena, CA 91125.

seismicity of a moderate earthquake in a detail never
before possible. During the next few years we expect
that the tens of thousands of digital seismograms for
several thousand aftershocks, together with a large
body of other geophysical data, will provide the basis for
many inquiries into the physical processes attending
major earthquakes. Here we provide only a preliminary
and incomplete picture of the most conspicuous of these
phenomena.

Our ideas are not presented chronologically. We first
discuss gross aspects of the aftershock distribution and
then place it within a context of seismicity during the
preceding years. Having discussed what appears to
have been normal background seismicity for the central
Imperial Valley, we can then consider possibly unusual
aspects of activity during the weeks immediately before
the main shock.

ANALYSIS

Our data are from 150 short-period vertical instru-
ments in the southern California seismic network oper-
ated jointly by the California Institute of Technology
(CIT) and the U.S. Geological Survey (USGS). These
data were telemetered in analog form to CIT, where
they were digitized at 50 Hz. A real-time event detector
recorded selected intervals of record on magnetic tape
for subsequent offline analysis on an interactive
cathode-ray-tube (CRT) display terminal.

Both the event locations and magnitudes reported
here (table 7) are preliminary results from the first
stage of routine processing, using the CEDAR system
described by Johnson (1979). Final values will not be
available until much more editing and analysis of the
data have been completed. Processing of the more than
2,000 aftershocks that occurred during the first 20 days
after the earthquake required the accurate timing of
more than 40,000 discrete arrivals. Hypocenters were
calculated using an unpublished program (QED1) de-

59
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TABLE 7.—Preliminary origin times, epicentral coordinates, and local
magnitudes for aftershocks of M, =4.0

Local
magnitude

M

Origin time
(G.m.t.)

Epicentral coordinates
Latitude N. Longitude W.

Date

10,15 2316:53.44
2319:29.98
2325

2355:03

32°36.82’
32°45.94’

115°19.09'
115°26.45°

32755 115°31°
1016 0022:14.20
0100:13.86
0114:21.29
0139:04

32 57.46"
32°57

32°55.54"
32°56.45"

11573119
115°29'

115°31.38’
115°31.45'

B R R R i R TR TR PR G B R B TS
L NN OO XOCOONIRHNN-OU—NORRN NSO

0310 [
0316:25.43 32°56.73'
0339
0549:10.18
0604:39.03
0611:59.96
0613:13.41
0619:48.68
0655
0658:42.69
0723:24.21
0749
0936:41.14
1051:27.11
1126:27.40
1146
1201:44.96
1500
2316

115°32.56'

115°32.38"
115°32.07
115°30.88’
115°31.60'
115°32.36'

32°56.63"
32°54.79°
32°56.05
32°55.45"
32°55.71"

115°34.41°
115'31.12’

32°59.83'
32°53.92'
115°30.87'
115°33.02'
115°35.19'

32°56.31'
32°56.34"
32°57.83"

32°52.31" 115°31.07'

10117 1914:37.72 32°54.39' 115°35.00

10/19

1Epicentral location in error by 5 km or more.

veloped at CIT, based on the generalized inverse method
formalized by Wiggins (1972). The crustal model used
for all hypocentral calculations (table 8) was obtained
graphically from the models presented by Mooney and
McMechan (this volume), using data obtained during
the Imperial Valley seismic-refraction experiment dis-
cussed by Fuis and others (this volume). This model is
representative of the central Imperial Valley south of
Brawley, Calif. Most magnitudes greater than 3.0 are
standard M, ’s from peak amplitudes on Wood-Anderson
torsion seismometers; the remaining magnitudes are
M ’s calculated from coda amplitudes, using the
method of Johnson (1979). Focal mechanisms were ob-
tained using the computer program described by Whit-
comb (1973).

TaBLE 8.—Crustal model used for locating after-

shocks
Depth to top Layer
of layer velocity
(km) (km/s)
0 2.15
1 2.75
2 3.60
3 4.30
4 5.05
5 2 5.50
55 5.70
100 - . 5.80
130 . 6.95
140 . 7.20
250 . 7.80

We selected events for analysis and graphic presenta-
tion solely on the basis of location quality (epicentral
error, less than 5 km), a criterion that generally favors
the largest events during a given period. Some events of
magnitude larger than 4.0 have been ignored either
because they were immediately preceded by others
large enough to make accurate timing difficult or be-
cause they occurred during an interval for which digital
data were not available.

AFTERSHOCK DISTRIBUTION

Figure 32 illustrates all well-located aftershocks that
occurred during the first 20 days of the aftershock se-
quence (October 15 through November 5). The main
shock, denoted by the star south of the United States-
Mexican border, lies within a zone that remained sur-
prisingly aseismic throughout the sequence. A more
accurate epicenter for the main shock, obtained by
Chavez and others (this volume) using a balanced suite
of U.S. and Mexican data, plots about 2 km to the north-
east, midway between the location shown on the map
(fig. 32) and the United States-Mexican border.

The focal mechanism for the main shock (lower right,
fig. 32) is consistent with right-lateral motion on a ver-
tical fault striking N. 42° W, in general agreement with
the trend of the southern section of the Imperial fault.
Although surface breaks were limited to a zone 30 km
long (heavy lines, fig. 33), aftershocks occurred within
an area 110 km long, from the Cerro Prieto geothermal
area to the Salton Sea. Except for one small group of
events near the south terminus of surface rupture, most
aftershocks were clustered within about 15 km of
Brawley, particularly during the first 8 hours after the
main shock (fig. 33).

A significant change in the aftershock distribution
occurred after the largest aftershock (M, =5.8) at 0658
G.m.t. October 16, approximately 8 hours after the main
shock and immediately after the interval plotted in
figure 33. The location of this event, here referred to as
the Brawley aftershock, is marked by its focal mecha-
nism, plotted west of Brawley on the map (center, fig.
32). The most distinctive change in the aftershock pat-
tern was a strong northeast-trending line of epicenters
from west of Brawley to just south of Wiest Lake (WLK,
figs. 32, 33), in agreement with the left-lateral plane of
the focal mechanism. Tectonically the local increase in
strain at the north end of the Imperial fault break was
apparently accommodated by left-lateral motion on a
conjugate fault propagating from southwest to north-
east. Independent support for this conclusion is pro-
vided by a coincident linear zone of ground disturbance,
liquefaction, and cracking mapped by T. H. Heaton,
J. G. Anderson, and P. T. German (unpub. data, 1980).
Unfortunately, fieldwork was complicated by slumping



AFTERSHOCKS AND PREEARTHQUAKE SEISMICITY |

61

. 1?6“00' 45" 30’ 15’ 115°00"
33730 \ N l l EXPLANATION
\”\44/ Local magnitude (M) of aftershock
N Y =5
%, £ > 4
AN s @ =3
\ ’(:q(/ X < 3
\\ < BDmbay+F ——— — — Fault—Dashed where approximately located
\\ p Beach 8 Focal mechanism
) +FNK Station location
SALTON SEA \ .COT
15" |— —
+ AMS
300 — ]
.CRR
+COA
45" — —
BSC
+BON IR —
ITED STATES .. —----
= ME
§
\ 4
%
\ hie-/
\ K¢
Xx
x N
LR
32°30" — \‘70 —]
%,
X \‘\
\ :(ﬁ( h
s >
\ N ‘\7(/( Cerro Prieto ¢ XX ’
\ NG geothermal — \5299 0‘{(&‘
\v L area R ?OA x
\ S
\ . %
Yoo 10 20 KILOMETERS Y,
L \ | ¢
. >
\\\ ~
| | \

Ficure 32.—Well-located aftershocks (epicentral error, less than 5 km) from October 15 through November 5, 1979. Focal
mechanisms are lower-hemisphere equal-area projections with compressional quadrants darkened. Star denotes

location of main shock.



62

THE IMPERIAL VALLEY, CALIFORNIA, EARTHQUAKE OF OCTOBER 15, 1979

233059 a5 30’ 15 115°00'
N i I EXPLANATION
NN Local magnitude (31,) of aftershock
& g T
T, >
\\ K * >4
N Ts o >3
\ A, , < 3
> \\(7“ +FNK —— Fault—Dashed where approximately located
\\ \\\l))ﬂibay Beach NS  Approximate extent of mapped surface break
\ R +FNK  gtation location
. SALTON  SEA A N
coT
15" }—
\\
N
+AMS
33°00" |-— NG
+CRR
+COA
45' —
. ,BSC
N
BON R
“ \ \\\ “ \/'%Q
S ‘%,
= ME N
MR N %
“ e
N e,
| ‘ %
R \\<7
32°30" |— \\\ \3‘04/ N
\ RN .
. %, . N
| \
RSN o ~
“ e, \f:p&
\ X Yo
4 \\\;\\\ \\,99
i . \{(\
~ %
. °.
Lo 10 20 KILOMETERS B ",
| 1 | R ' { >
\\ \‘\
1 |

FicUure 33.—Well-located aftershocks during first 8 hours of aftershock sequence.




AFTERSHOCKS AND PREEARTHQUAKE SEISMICITY 63

of the south bank of the New River along much of the
suggested structure.

Historically, conjugate faulting near Brawley does
not appear to be unusual. A similar explanation was
offered by Johnson and Hadley (1976) for arcuate north-
east-trending breaks that were mapped along the
northwest margin of the Mesquite basin after the 1940
earthquake. Their explanation was based primarily on
lineations in seismicity and focal mechanisms from an
earthquake swarm near Brawley during January 1975.
The 1940 earthquake was also followed within several
hours by an aftershock (M, =5.5) that was more destruc-
tive at Brawley than was the 1940 main shock. This
aftershock has generally been associated with delayed
rupture on the Imperial fault unilaterally northward
from the instrumental epicenter (see Trifunac and
Brune, 1970; Johnson, 1979), following Richter (1958).
However, in light of observations from the 1979 event, it
appears that this earthquake may have occurred on a
conjugate structure similar, if not identical, to that of
the 1979 Brawley aftershock.

One of the most intriguing features apparent on the
aftershock-distribution map (fig. 32) is a line of events
that extends along the trend of the San Andreas fault 50
km into the Imperial Valley. As discussed by Johnson
(1979), this part of the valley was virtually aseismic
through 1978, since the installation of a dense seismo-
graph network in mid-1973. The first events along this
trend occurred in 1979 (discussed below) before the
main shock. Although few of these events were large
enough to provide well-constrained focal mechanisms,
nevertheless, first motions are generally consistent
with the normal focal mechanism shown in figure 32 for
one of the largest events. An abrupt increase in activity
along this trend after the main shock leaves little doubt
that these events represent a response to the changes in
stress associated with the main shock and thus can be
considered aftershocks. Mechanically they may repre-
sent valley subsidence along an ancient strand of the
San Andreas fault, particularly because they all oc-
curred within the dilatational quadrant of the static-
strain field associated with the main shock.

The development of the aftershock distribution over
time is most clearly revealed by a series of time-distance
plots (figs. 34-36) projected onto the Imperial fault.
Events were selected from the solid parallelepiped
shown in figure 37, with distances measured from its
southeast corner. These three plots, covering 1, 3, and
23 days after the main shock, respectively, provide a
reasonably complete picture of the temporal develop-
ment of the aftershock pattern. A virtually aseismic
zone separates the region of clusters of aftershocks dur-
ing the first 12 hours (fig. 34) from the area of the main
shock. After 12 hours an increase in activity outside the

initial cluster seems to mark the beginning of a general
expansion of the aftershock region both to the north and
to the south (fig. 35). This expansion, which appears to
be progressive over time, culminated in the north with a
cluster of events near the south end of the Salton Sea,
and in the south with a cluster centered near the Cerro
Prieto geothermal area. Once it began, activity at each
of several clusters along the Imperial fault tended to
persist. If we associate a migration rate with the onset of
activity at each cluster, based on a point of initiation
near Brawley at the time of the main shock, a velocity of
just less than 2 km would be appropriate. This rate is
faster than the value of 0.2 to 1.0 km/d reported by
Johnson (1979) for the characteristic velocity relating
clusters with sequences of earthquake swarms along
the same trend, but is much slower than the 12-km/d
rate reported by Johnson and Hadley (1976) for the
bilateral development of a large earthquake swarm on
the Brawley fault zone (eastern branch of surface break,
fig. 33) in January 1975. Migration at widely varying
rates appears to be a general feature of earthquake
sequences within the Imperial Valley.

HISTORICAL PERSPECTIVE

The phenomena accompanying recent faulting in the
Imperial Valley can best be understood within a context
of the historical seismicity of this region. In this section
we touch briefly on the most important aspects of a more
detailed discussion by Johnson (1979). Figures 37 and
38 provide an overview of the seismicity in the Imperial
Valley during the 6 years since the installation of a

. dense seismic network in 1973. The most obvious fea-

ture on the seismicity map (fig. 37) is a pod-shaped area
of seismicity connecting the Imperial fault north of
Mexicali, Mexico, with the San Andreas fault near
Bombay Beach. This area, termed the “Brawley seismic
zone” by Johnson (1979), probably marks a zone of con-
centrated deformation associated with the transfer of
displacement from the Imperial fault to the south end of
the San Andreas fault. Its shape is identical to that of
the pod-shaped intrusive zones in Hill’s (1977) model for
Imperial Valley tectonics as a manifestation of a leaky
transform fault, although the zone is somewhat larger
than he suggests. Another similar zone of seismicity
connects the Imperial and Cerro Prieto faults at the
lower part of figure 37. The sparseness of high-quality
epicenters here is due to inadequate location capability
rather than intrinsically lower activity. We note that
the tectonic similarity between these two areas is
strongly reflected in the seismicity patterns.

Both the 1940 and 1979 earthquakes originated near
an apex of one of these two seismic zones (fig. 37). Be-
cause the site of maximum faulting was south of the
instrumental epicenter, Richter (1958) and Trifunac
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and Brune (1979) concluded that in 1940, rupture prop-
agated southeastward across the aseismic zone strad-
dling the United States-Mexican border. Similarly, the
1979 event apparently broke across the aseismic zone
and this time propagated northward. If the two seismic
zones represent regions of concentrated deformation,
then their ends should represent points of concentrated
loading on the major strike-slip faults. Strain energy
stored in the “locked” aseismic section can be released
periodically in moderate shocks. This concept is consis-
tent with the observation by Johnson (1979) that
episodic creep is confined to the seismic sections of the
Imperial fault north of the border. There is no evidence
for episodic creep within the aseismic sections, although
continuously recording creepmeters have been in opera-
tion for several years at the Tuttle Ranch on the west
bank of the Alamo River (Goulty and others, 1978).
Nonepisodic creep rates of less than 2 mm/yr measured
on an alinement array crossing the Imperial fault near
the United States-Mexican border (reported by Goulty
and others, 1978) are comparable to measurements for
locked sections of the San Andreas fault near Indio,
Calif., about 27 km northwest of the Salton Sea (Keller
and others, 1978).

A similar tectonic relation exists at the north ter-
minus of the Brawley seismic zone where it joins the San
Andreas fault near Bombay Beach. This point (top cir-
cle, fig. 37) should be considered a likely epicenter for
major earthquakes on the southern section of the San
Andreas fault, in which rupture propagation would be
to the northwest. More extensive tectonic instrumenta-
tion near this point seems prudent.

The correspondence between background seismicity
and the intensity of aftershock activity along the Impe-
rial fault can best be portrayed by a time-distance plot
(fig. 38) covering the 6 years since the installation of the
dense Imperial Valley network. Essentially, the spatial
distribution of aftershocks mimics that of the preceding
background: most events occur along previously seis-
mogenic sections of the Imperial fault and avoid that
section that was previously aseismic. The position of the
main-shock epicenter at the south end of a persistent
seismic gap and the predominance of aftershocks to the
north are particularly clear on the plot. We note that
this gap is not filled by the aftershock distribution.

The only event comparable to the 1979 main shock
during the instrumental history of the Imperial Valley
is the 1940 earthquake near El Centro. To facilitate a
direct comparison, we reproduce here the Wood-
Anderson seismograms recorded at Pasadena, Calif,, for
these two events (fig. 39). The main shock in 1979 ap-
pears relatively simple, and moderate aftershocks
lasted throughout the first day; the initial shock in 1940
is considerably more complex, and all major aftershocks

occurred within the first 12 hours. This complexity was
studied by Trifunac and Brune (1970), who concluded
that substantial seismic energy was released at several
discrete points along the Imperial fault as rupturing
progressed southward. This conclusion implies that the
energy release during the 1979 shock may have been
more localized near the instrumental epicenter. The
difference between the 1940 and 1979 events is also
reflected in the difference in seismic moment: the 1940
event was about 10 times larger than the 1979 shock,
although the local magnitude was somewhat smaller.
Further analysis of the wealth of strong-motion data
recorded during the 1979 main shock should greatly
elucidate this comparison.

PREEARTHQUAKE SEISMICITY

One of the most important contributions from dense-
seismic-network studies of moderate earthquakes is the
determination of the presence or absence of phenomena
that can be broadly classed as precursory. Possibly the
most useful contribution to our study was evidence for a
remarkable 40-percent decrease in seismicity during
the 15 weeks immediately preceding the main shock.
This decrease, apparently affecting seismicity all along
the axis of the Imperial Valley, can be seen as a vertical
swath of lower activity on the time-distance plot (fig. 38)
and on the aftershock frequency distribution (fig. 40).
Because the number of detected events is an objective
measure of seismicity during the period in figure 40, the
observed change is probably real. A change in the detec-
tion parameters toward the end of 1977 prevents a com-
parison with seismicity levels using the detectability
criterion before this period.

The importance of this apparent seismicity change
mandates considerable skepticism regarding its exis-
tence. A survey of the operational state of the stations in
the Imperial Valley network did not reveal any problem
that might increase the detection threshold sufficiently
to account for the observed change. One possible prob-
lem concerns the implementaion of antialiasing filters
affecting halfof the Imperial Valley network on July 17,
1979. It was not anticipated that this change would
reduce detectability—quite the contrary was intended.
Similar changes throughout the rest of the southern
California seismic network were not followed by a re-
duction in detection capability. In addition, the period of
depressed seismicity appears to have commenced more
than 2 weeks before the instrumentation change. To
determine whether the remainder of this anomalous
period could be related to properties of the instrumenta-
tion, a comparison was made with that part of routine
processing dealing solely with the analysis of helicorder
records for a subset of the network not affected by the
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above changes; these records are scanned indepen-
dently of CEDAR system detection, and all events with
coda lengths exceeding 25 s are timed and recorded.
From this data set we compiled a list of all events with
S —P times at stations IKP and GLA oflessthan 12 s; the
results agree with the existence of the period of low
seismicity discussed above. At present, this quiet period
appears to be real, although attempts to find an instru-
mental or procedural explanation will be continued.

If such a decrease in seismicity along the axis of the
Imperial Valley did in fact occur, it would not be totally
without precedent. Richter (1958) observed a decrease
in swarm activity in the same area during the decade
after the 1940 earthquake, and Johnson (1979) attrib-
uted this decrease to the dilatational quadrant of the
1940 earthquake, on the basis of a hydrologic model
describing both episodic creep and swarm occurrence.
Similarly, any dilatational component in the secular
strain might be expected to decrease seismicity. For the
interval 1973 through mid-1978 the geodetic results
reported by Savage and others (1979) showed that dila-
tation in the northern Imperial Valley was negative
(compression) and occurred at a constant rate. Begin-
ning in late 1978 (Savage, 1979) this trend was re-
versed, 6 months before the sudden decrease in seismic-
ity. Unfortunately, no data are available addressing the
question whether an increase in extensional-strain rate
may have accompanied the decrease in seismicity dur-
ing mid-1979. Interestingly, it was during this period of
apparent dilatation that the first normal events were
observed on what has been suggested earlier as an ex-
tension of the San Andreas into the eastern Imperial
Valley. Although these events are too small to provide
focal mechanisms, first motions are generally compres-
sive and agree with the normal mechanism (fig. 32)
manifesting an east-west tension axis.

Figure 41 shows the spatial distribution of earth-
quakes during the quiet period. Seismicity seems to be
more widely distributed than is generally apparent in a
series of figures presented by Johnson (1979) covering
comparable periods. A cluster of small earthquakes
near the main-shock epicenter might be considered
foreshocks, although they were uniformly distributed in
time during this period and do not stand out as an
obvious local increase in seismicity. Whether the rec-
ords from these events are unusual in any respect is
currently being studied.

The quiet period was immediately preceded by a
swarm of earthquakes consisting of three discrete
bursts of activity distributed over a 1-week interval
during mid-June 1979. We do not know whether any
special significance should be attributed to these events,
although the epicentral distribution (fig. 42) lies just
north of the area of most intense activity in the after-

shock sequence near Brawley. This sequence also con-
trasts with previous swarms along the west margin of
the Brawley seismic zone in being one of the most north-
erly during the preceding 6 years.

CONCLUSIONS

Aftershocks of the 1979 Imperial Valley earthquake
were distributed in a complex pattern extending well
beyond the zone of mapped surface rupture. The most
intense activity was centered at the northwest end of
surface faulting, and few aftershocks occurred near the
main-shock epicenter. The largest aftershock (M; =5.8),
which followed the main shock by nearly 8 hours, was
apparently the result of sinistral motion on a conjugate
northeast-trending fault north of Brawley, Calif.
Thereafter, the aftershock clusters developed progres-
sively over time along the Imperial fault trend at an
apparent migration rate of approximately 2 km/d. A
linear zone of events extending along the trend of the
San Andreas fault south of the Salton Sea suggests
sympathetic activation of a buried structure along the
east margin of the Imperial Valley.

A remarkable 40-percent decrease in Imperial Valley
seismicity that preceded the earthquake by 3%2 months
does not appear to be an artifact of either instrumenta-
tion or analysis. This decrease may in some way corre-
late with a change in east-west extension similar to that
observed geodetically to the north during late 1978.
Historical seismicity also suggests that an increase in
the dilatational or possibly east-west extensional stress
could have caused such a change in seismicity. Changes
in the local secular-strain rate, which may ultimately
have led to failure on the Imperial fault, may have
preceded the main shock by several months and should
have been observable had appropriate instrumentation
been installed. Three small events clustered near the
main-shock epicenter during the preceding months
should be considered as candidate foreshocks, pending
further investigation.

ACKNOWLEDGMENTS

We thank the CEDAR-system timers Anne Blan-
chard, Shirley Fisher, Peter German, Doug Given,
Karen Richter, and Viec Lamanuzzi for their great dili-
gence in the face of a seemingly endless task during the
timing of initial aftershocks. Parts of the Imperial Val-
ley base map were prepared by Peter T. German. This
research was partly supported by U.S. Geological Sur-
vey Contract 14-08-0001-16719 and California Divi-
sion of Mines and Geology Contract 5-0059.



74 THE IMPERIAL VALLEY, CALIFORNIA, EARTHQUAKE OF OCTOBER 15, 1979

303‘I("!6°00’ 30" 15’ 115°00"
I EXPLANATION
Local magnitude
® B
w > 4
o} > 3
X <
+FNK 3 .
—— Fault—Dashed where approximately located
+FNK  Station location
X
SALTON SEA +C0T
« x +WIS
15" — -
< o)
x
OBB x
\\ LELR -
+CLI +AMS
x v, b
Y
Nw2* ©
* WLK
X X 9
Xx
33°00" |— \ wMir *
~ " ING ]
x
=
~ N SUP \ Brawley %
LCRR
LCOA
a5 — —
.BSC
\
32°30' — 1
\\
20KILOMETERS
J
[

FIGURE 41.—Well-located earthquakes in Imperial Valley during 3% months preceding October 15 main shock (large star),
indicating quiet period in seismic activity.



AFTERSHOCKS AND PREEARTHQUAKE SEISMICITY

115°00

6° ’ ' v ’
- fls 30 15
s | EXPLANATION
N Local magnitude
44’0 ﬁ 2 5
’9@ b4 > 4
s o > 3
4
\%/\ JFNK ) <3
X —— Fault—Dashed where approximately located
+FNK Station location
“cot
wis
SALTON SEA *
15’ —
jm]
AN +OBB
N +ELR LcL +AMS
e
+ X /0
Nw2 2
X
X WLK
p d
’ \ WML+ . O
33700 S g +ING ]
=
~ =
¢ SUP \ Frawlev s
~N N /
LCRR ~
COK SNR +COA
1l
=
, <&
45 _»9/ —
% ,BscC
BON -
[ e
(Mot %
P
32°30° ]

20 KILOMETERS
i

AN
~
l | l

F1GURe 42.—Well-located earthquakes during an intense swarm near Brawley Calif., in mid-June 1979, immediately

preceding quiet period shown in figure 41.

75



76 THE IMPERIAL VALLEY, CALIFORNIA, EARTHQUAKE OF OCTOBER 15, 1979

REFERENCES CITED

Goulty, N. R., Burford, R. O., Allen, C. R., Gilman, Ralph, Johnson,
C. E., and Keller, R. P., 1978, Large creep events on the Imperial
fault, California: Seismological Society of America Bulletin, v.
68, no. 2, p. 517-521.

Hill, D. P., 1977, A model for earthquake swarms: Journal of Geophys-
ical Research, v. 82, no. 8, p. 1347-1352.

Johnson, C. E., 1979, CEDAR—an approach to the computer automa-
tion of short-period local seismic networks; seismotectonics of the
Imperial Valley of southern California: Pasadena, California In-
stitute of Technology, Ph. D. thesis, 343 p.

Johnson, C. E., and Hadley, D. M., 1976, Tectonic implications of the
Brawley earthquakes swarm, Imperial Valley, California, Janu-
ary 1975: Seismological Society of America Bulletin, v. 66, no. 4,
p- 1133-1144,

Keller, R. P, Allen, C. R., Gilman, Ralph, Goulty, N. R., and Hile-
man, J. A., 1978, Monitoring slip along major faults in southern
California: Seismological Society of America Bulletin, v. 68,
no. 4, p. 1187-1190.

Richter, C. F., 1958, Elementary seismology: San Francisco, W. H.
Freeman, 768 p.

Savage, J. C., 1979, Crustal strain, in Seiders, W. H., compiler, Sum-
maries of technical reports, volume 8: Menlo Park, Calif., U.S.
Geological Survey, p. 317-319.

Savage, J. C., Prescott, W. H., Lisowski, M., and King, N., 1979,
Deformation across the Salton Trough, California, 1973-1977:
Journal of Geophysical Research, v. 84, no. B6, p. 3069-3079.

Trifunac, M. D,, and Brune, J. N., 1970, Complexity of energy release
during the Imperial Valley, California, earthquake of 1940:
Seismological Society of America Bulletin, v. 60, no. 1, p. 137-
160.

Whitcomb, J. H., 1973, A study of the velocity structure of the earth
by the use of core phases (pt. 1); the 1971 San Fernando earth-
quake series focal mechanisms and tectonics (pt. 2): Pasadena,
California Institute of Technology, Ph. D. thesis, 456 p.

Wiggins, R. A., 1972, The general linear inverse problem: Implication
of surface waves and free oscillations for earth structure: Reviews
of Geophysics and Space Physics, v. 10, no. 1, p. 251-285.



THE FOCAL MECHANISM
FROM THE GLOBAL DIGITAL SEISMOGRAPH NETWORK

By BrUCE R. JULIAN. MADELEINE ZIRBES. and RUSSELL NEEDHAM.
U.S. GEOLOGICAL SURVEY

CONTENTS

Page
Abstract____ __ ___ e 77
Introduction ______________________________________________ 77
Data sources______ T . I
Method of analysis ___________ . ____ ik
Results . __________________ . ____ 78
Conclusion ______ e 79
References cited __________ e 79

ABSTRACT

We have estimated the focal mechanism of the main shock from the
first motions of 18 long-period body waves (6 compressional waves and
12 horizontally polarized shear waves) recorded by the Global Digital
Seismograph Network (GDSN). These data constrain the mechanism
to be a nearly pure double couple, consistent with right-lateral
strike-slip faulting on a nearly vertical plane with a strike of azimuth
315°-340°. SH polarities prove quite valuable; without them the
mechanism would be almost totally undetermined.

INTRODUCTION

In this report we present an analysis of the source
mechanism of the 1979 Imperial Valley earthquake,
using the first motions of long-period body waves re-
corded by the Global Digital Seismograph Network
(GDSN). Although this data set is sparse, it neverthe-
less strongly constrains the possible mechanism.

DATA SOURCES

We used digital data from 12 stations in the GDSN;
detailed information about the GDSN is given by Zirbes
and Julian (this volume). Data are not yet available
from the stations in Ankara, Turkey (ANTO); Grafen-
berg, Germany (GRFO); Mashhad, Iran (MAIO); and
Shiltlong, India (SHIO). The first three of these stations
are very close to Kongsberg, Norway (KONO), on the
focal sphere, and Shillong is near Chiang Mai, Thailand
(CHTO), and so the missing stations would probably not
contribute much additional information. Data from

! Kabul, Afghanistan (KAAO), are not used because first
| motions cannot be determined reliably from the record-

ings owing to microseismic noise. First motions can be
determined from P waves at 6 stations and from hori-
zontally polarized S waves at all 12 stations; figures 43
and 44 show the waveforms of these waves, and table 9
lists the first-motion data.

The first motions were mapped onto the focal sphere,
using a preliminary hypocentral location supplied by
the U.S. Geological Survey, National Earthquake In-
formation Service (lat 32.641° N., long 115.325" W;
depth, 10 km), and continental Earth model PEMC
(Dziewonski and others, 1975). The compressional- and
shear-wave speeds at the focus in this model are 5.8 and
3.45 kmy/s, respectively. Figure 45 shows the observed
first motions on the focal sphere.

The SH data proved to be particularly valuable. We
could easily determine SH first motions from the nu-
merically simulated transverse horizontal-component
digital seismograms in figure 44. The SH first motions
are much more reliable than such data as polarization
angles, which involve vertically polarized motion, be-
cause they are free from contamination by compres-
sional waves generated by mode conversion near the
receiver. In addition, SH waves are efficiently diffracted
around the Earth’s core and thus are easily observed,
even at great distances.

METHOD OF ANALYSIS

We analyzed the focal mechanism by using a new
technique (Julian, 1978) that applies linear-program-
ming methods to determine the moment-tensor repre-
sentation of the source. This technique is computation-
ally efficient and can be used to define the range of
solutions consistent with a set of first-motion data by
seeking solutions that extremize various physical pa-
rameters of the mechanism. The technique also iden-
tifies data that are not significant, in the sense that they
do not affect the set of consistent solutions. In the so-
lutions presented here, we constrain the trace of the
moment tensor so that only solutions with no net vol-
ume change are considered.
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RESULTS

In all, 11 of the first-motion data turn out to be
significant (asterisks, table 9). Table 10 lists the princi-
pal moments and principal axes for three extreme focal
mechanisms, and figure 46 compares the predicted
polarities with those observed. Because we used no
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Ficure 43.—P wave{orms from main shock for which first motions
are used in this study. Only vertical (Z) components is shown.
Upward motion in plots corresponds to upward displacement.
Ticks indicate 1-minute intervals. Codes from stations within
GDSN (see Zirbes and Julian, this volume) are followed by date,
starting time (G.m.t.), and duration of waveform.

amplitude information in this analysis, the principal
moments in table 10 are determined only within an
arbitrary multiplier.

These three mechanisms have extreme values for the
amplitude of the compressional wave radiated down-
ward. The mechanism labeled “most thrustlike” has the
largest (that is, most compressional) amplitude, the
“most normal” mechanism has the smallest (most rare-
factional) amplitude, and the “least dip-slip” mecha-
nism has the smallest absolute amplitude (here, zero).

Because the mechanisms are not constrained to be
double couples, the nodal curves are not orthogonal
great circles on the focal sphere (although the least
dip-slip mechanism is very nearly so). In fact, all the
focal mechanisms are quite similar and are predomi-

TABLE 9.—Long-period first motions of the 1979 Imperial Valley earth-

quake
Station Epicentral Ep>sta Takeoff Phase First
code distance azimuth angle motion
) ©) )
ANMO ________ 7.73 70.28 45.82 P +%
45.82 SH -
BOCO __________ 47.57 117.00 23.98 P +*
23.98 SH +*
ZOBO __________ 66.35 129.71 19.45 P +*
19.45 SH +7%*
KONO____ 77.46 25.25 16.95 P —*
16.95 SH —*
MAJO . ________ 82.78 308.88 15.79 P +*
15.79 SH +
GUMO _ ______ 90.83 286.61 14.09 P +
14.09 SH +*
SNZO . _____ 97.78 225.59 14.00 SH —*
TATO _.________ 101.17 309.27 14.00 SH(dif)
CTATO ________ 101.17 309.27 14.00 SHdif) ==
CTAO __________ 107.42 257.03 14.00 SH(dif) +
CHTO __________ 119.24 322.28 14.00 SH(dif) +
BCAO . _______ 122.87 58.82 14.00 SH(dif) -
NWAO ________ 136.20 254.76 14.00 SH(dif) -
TABLE 10.—Principal axes for extreme solutions
Mechanism Axis Length Ph:ax:ge Tl;g?d
Most thrustlike T 0.366 23.42 267.85
I .052 65.17 108.40
P —.418 7.77 1.24
Most normal T .450 2.20 290.84
I —.036 86.54 161.25
P —.414 2.66 20.94
Leastdip-slip T .450 2.26 291.76
I .000 86.40 163.01
P —.451 2.81 21.87
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nantly double couples (as can be seen from the small-
ness of the intermediate principal axes of the moment
tensors). They are consistent with right-lateral slip on a
nearly vertical plane striking northwest, parallel to the
San Andreas fault.

CONCLUSION

Long-period first motions of compressional and hori-
zontally polarized shear waves are consistent with
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right-lateral motion on the San Andreas or a parallel
fault.
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